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1 INTRODUCTION 
Cochliobolus heterostrophus Drechsler is the sexual 
stage of a filamentous ascomycete that causes southern leaf 
blight of maize. Names used to describe its asexual stage 
are Helminthosporium maydis Nisikado and Miyake, Drechslera 
maydis (Nisikado and Miyake) Subramanian and Jain, and 
Bipolaris maydis (Nisikado and Miyake) Shoemaker. Bipolaris 
maydis is now the preferred name for its asexual stage 
(Alcorn 1988). Two races of C. heterostrophus have been 
identified based on their ability to produce a host-selective 
virulence factor known as T-toxin (Tegtmeier, Daly and Yoder 
1982; Daly 1982). Race O does not produce T-toxin and causes 
mild disease on maize with all types of cytoplasm. Race T 
produces T-toxin and causes severe disease on maize with 
Texas male sterile (T) cytoplasm, but mild disease on maize 
with other cytoplasms, including normal (N) cytoplasm. The 
difference in disease severity is known to give race T a 
selective advantage over race O on T-cytoplasm maize (Hooker 
1972). However, race T has been demonstrated to produce 
smaller lesions and be less fit than race O on N-cytoplasm 
maize (Klittich and Bronson 1986; Leonard 1977). A putative 
third race, race C, was described in China; this race was 
reported to produce a host-selective toxin to which maize 
with C-cytoplasm is highly sensitive (Wei et al 1988). 
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However, this result could not be confirmed (D. Grant, 
Pioneer Hi-Bred International, Inc., personal communication). 
The number of genes required for T-toxin production has 
been investigated using both near-isogenic strains and field 
isolates. T-toxin is a family of linear polyketols (Daly 
1982) . Since polyketols are not primary metabolites, more 
than one gene is expected to control their synthesis. 
However, only one locus, Toxl, has been identified to control 
the production of T-toxin. This was true in genetic analyses 
of variation in near-isogenic strains (Leach et ai. 1982b; 
Tegtmeier, Daly and Yoder 1982) and field isolates of diverse 
origin (Bronson, Taga and Yoder in press). There are two 
alleles at the Toxl locus; the dominant or codominant allele 
TOXl confers T-toxin production and toxl specifies the lack 
of T-toxin production (Leach et ai. 1982b). 
Advances in the classical and molecular genetics of C. 
heterostrophus have made it a good model for the study of 
fungal pathogenesis. Conditions for growing and crossing 
this fungus on media have been determined and a set of near-
isogenic strains, known as C-strains, have been bred for use 
in research (Leach, Lang and Yoder 1982a). A transformation 
system is available (Turgeon, Garber and Yoder 1985; Turgeon, 
Garber and Yoder 1987) . Gene disruption (Mullin 1987) and 
gene replacement (0. C. Yoder, Department of Plant 
Pathololgy, Cornell University, personal communication) has 
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been demonstrated. An efficient mutagenesis method has also 
been developed for the C-strains and a search for 
pathogenicity mutants is now underway (C. R. Bronson 
unpublished). 
To further facilitate the study of C. heterostrophus, I 
constructed a genetic map for this fungus and investigated 
its karyotype. The rationale for making this map, and the 
various approaches available for mapping, karyotyping and 
associating linkage groups with chromosomes will be 
discussed. 
1.1 Uses of Genetic Maps 
A genetic map should facilitate the study of 
pathogenicity in C. heterostrophus by permitting the cloning 
of pathogenicity genes by chromosome walking and the 
detection of a chromosome rearrangement hypothesized to be 
associated with virulence (Bronson 1988). A map should also 
permit the detection of linkage conservation between species. 
A genetic map permits the cloning of genes by chromosome 
walking. Although a transformation system has been developed 
for C. heterostrophus, the cloning of pathogenicity genes is 
expected to be tedious. Because most pathogenicity genes 
will probably not have selectable or screenable phenotypes on 
artificial media, transformants will have to be screened on 
plants in order to identify those carrying the desired 
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clones. The number of transformants that must be screened to 
have a 95% probability of detecting a desired clone is 
estimated to be from 2000 to 5000. This estimate is 
calculated by the equation of Clarke and Carbon (1976) and 
based on the assumption that the genome size of C. 
heterostrophus is similar to that of Neurospora crassa, i.e., 
27 or 43 or 47 Mb, depending on the estimation method 
(Krumlauf and Marzluf 1980; Horowitz and MacLeod 1960; Orbach 
et al. 1988). If the location of a pathogenicity gene is 
known on a saturated map, it should be possible to clone the 
pathogenicity gene by chromosome walking from nearby markers 
as has been done for N. crassa (McClung, Fox and Dunlap 
1989). The number of transformants that would need to be 
screened on plants should therefore be greatly reduced. 
A genetic map can also be used to detect and 
characterize chromosome rearrangements. C. heterostrophus 
has been hypothesized to have a chromosome rearrangement, 
most likely a reciprocal translocation, at or near Toxl 
(Bronson 1988). This hypothesis is based on the observation 
of nonrandom ascospore abortion in crosses between the TOXl 
and toxl C-strains. Ascospore abortion not associated Toxl 
has also been observed commonly in all kinds of crosses among 
the C-strains. Most crosses involving field isolates are 
even less fertile; few or no asci contained complete tetrads 
(eight ascospores) (Yoder and Gracen 1975; Yoder 1976; 
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Bronson 1988; Bronson, Taga and Yoder in press). One 
possible explanation for the low fertility is that the 
strains differ by chromosome rearrangements. Mapping should 
be an effective way to test the translocation hypothesis and 
detect the presence of other possible chromosome 
rearrangements in the C-strains and field isolates. 
A genetic map will permit the detection of linkage 
conservation among members in the subclass Pyrenomycetes to 
which Cochliobolus spp. belong. Most fungi with well defined 
genetic maps in this subclass have seven linkage groups and 
accordingly seven chromosomes of different sizes. This 
suggests that the karyotypes of fungi in this subclass have 
been subjected to little change during the course of 
evolution. A comparison between Sordaria macrospora and N. 
crassa showed that 15 homologous or probably homologous loci 
mapped to analogous chromosomes (Leblon et al. 1987) . It is 
therefore reasonable to ask whether gene order is conserved 
among these fungi. Gene order conservation has been reported 
between cats and humans (O'Brien and Nash 1982), between 
tomato and potato (Bonierbale, Plaisted and Tanksley 1988) 
and between humans and mice (Buchberg et ai. 1989). 
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1.2 Approaches for Genetic Mapping 
Genetic maps based on phenotypic and RFLP markers have 
been developed for many filamentous fungi, both plant 
pathogens and nonpathogens. The number of linkage groups and 
markers in these maps, the chromosome numbers of these fungi 
and the methods for making the maps and determining the 
karyotypes are indicated in Table 1. 
1.2.1 Conventional methods for genetic mapping 
Two approaches, meiotic and mitotic analysis, have been 
used to construct genetic maps for filamentous fungi. The 
meiotic approach has been used primarily for fungi with an 
easily managed sexual cycle whereas mitotic analysis has been 
adopted for fungi which lack a sexual cycle and in which 
diploids are obtainable from heterokaryotic cells. For some 
fungi, e.g., Aspergillus nidulans, Ustilago maydis, Ustilago 
violacea and Schizophyllum commune, both methods have been 
used. 
Meiotic and mitotic mapping each have their own merits. 
Meiotic analysis is usually the most efficient way of 
determining distances between markers because of the high 
frequency of crossing-over during meiosis. The distance 
between linked genes defined by meiotic analysis is indicated 
as the percentage of recombinants in the meiotic products. 
Table 1. Genetic maps and chromosome numbers of filamentous fungi 
Fungus^ Number of^ Mapping*^ Number of References'^ 
linkage groups method chromosomes 
Chytridiomycetes 
Allomyces macrogynus 
Oomycetes 
Bremia lactucae 
Saprolegnia ferax 
(2n) 
(4n) 
13 (37) 
15-16® 
28-30® 
21* 
Borkhardt & Olson 1979 
Hulbert et al. 1988 
Tanaka et al. 1982 
Zygomycetes 
Phycomyces blakesleeanus 11 (25) I — Orejas et al. 1987 
^The classification is according to Alexopoulos and Mims (1979). 
The number of linkage groups identified in the reference. The number in the 
parentheses is the number of markers in the linkage map. 
stands for meiosis and II stands for mitosis. 
The dashes in each column indicate that the information was not available in 
the reference. 
®The chromosome number was determined by three dimensional reconstruction of 
synaptonemal complexes as seen with an electron microscope. 
Table 1 (continued) 
Fungus Number of Mapping Number of References 
linkage groups method chromosomes 
Ascomycetes 
Pyrenomycetidae 
Neurospora crassa 7 (>500) 
Podospora anserina 1 (156) I 
Sordaria brevicollis 1 (34) I 
Sordaria macrospora 7 (57) I 
Sordaria humana 
Venturia inaequalxs 11 (?) I 
Xylaria polymorpha 
Magnaporthe grisea 5 (9 )  I 
— 
7sr 
Zf 
6-11? 
Perkins 1987 
Perkins & Barry 1977 
Gillies 1972 
Orbach et al. 1988 
Marcou et al. 1987 
Simonet 1973 
Fincham et al. 1979 
Leblon et al. 1987 
Zickler 1977 
Zickler & Sage 1981 
Boone 1988 
Day et al. 1956 
Julien 1958 
Rogers 1975 
Nagakubo et al. 1983 
Tanaka et al. 1979 
Leung & Williams 1987 
Orbach (per. com.) 
00 
The chromosome number was determined by counting stained chromosome under a 
light microscope. 
^The chromosome number was determined by pulsed field gel electrophoresis. 
Table 1 (continued) 
Fungus Number of Mapping Number of References 
linkage groups method chromosomes 
Cochlxobolus heterostrophus — 
Cochliobolus miyabeanus 1 (3) 
Plectomycetidae 
Aspergillus nidulans 8 (>500) 
I 
I 
I & II 
8-^ 
sSr 
Guzman et al. 1982 
Kubo et al. 1989 
Clutterbuck 1987 
Elliott 1960 
Brody & Carbon 1989 
Discomycetidae 
Ascobolus immersus 13 (56) 
12" 
Nicolas et al. 1981 
Zickler 1967 VD 
Basidiomycetes 
Holobasidiomycetidae I 
Schizophyllum commune 6 (64) 
Phanerochaete chrysosporium 6 (39) 
Holobasidiomycetidae II 
Coprinus radiatus 8 (35) 
Coprinus cinerus 10 (98) 
Coprinus lagopus — L 
Coprinus micaceus — 
Coprinus comatus — 
I & II 
I 
I & II 
I & II 
ir 
13' 
12^ 
12* 
14* 
Raper 1988 
Carmi et al. 1978 
Raeder et al. 1989 
Fincham et al. 1979 
North 1987 
Holm et al. 1981 
Lu & Raju 1970 
Lu & Raju 1970 
Lu & Raju 1970 
Table 1 (continued) 
Fungus Number of Mapping Number of References 
linkage groups method chromosomes 
Coprinus atramentarius 
Pleurotus eryngii 
Teliomycetidae 
Ustilago violacea 
Ustilago maydis 
Deuteromycetes 
Hyphomycetidae 
Aspergillus flavus 
Aspergillus niger 
Pénicillium expansum 
Pénicillium chrysogenum 
Cephalosporium acremonium 
14-15 (43) 
6 (15) 
7 
6 
2 
3 
8 
(20) 
(31) 
(14) 
(21) 
(13) 
I & II 
I & II 
II 
II 
II 
II 
II 
16® Lu & Raju 1970 
14® Slezec 1981 
Day & Garber 1987 
20-21# Day & Garber 1987 
— Fincham et al. 1979 
21# Kinscherf & Leong 1988 
Papa 1976 
— Lhoas 1967 
— Garber & Beraha 1965 
Ball 1971 
Hamlyn et ai. 1985 
8# Skatrud & Queener 1989 
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The gene order is usually determined by three-point crosses 
such that the number of double crossovers is minimized. For 
mitotic mapping, diploids formed in heterokaryotic cells are 
recovered; both haploid and diploid segregants from the 
diploids are selected and analyzed for cosegregation of 
markers. In general, the haploid segregants are formed from 
the diploids which do not have mitotic recombination between 
homologous chromosomes. Therefore, the analysis of haploid 
mitotic segregants allows assignment of markers to different 
linkage groups unambiguously; markers on the same chromosome 
will cosegregate whereas markers on different chromosomes 
segregate independently. In diploid segregants, the order of 
genes located on the same arm can be determined by comparing 
the frequency of crossovers between each marker and its 
centromere; the distal marker has the higher frequency of 
crossing-over. Since mitotic crossing-over is a rare event, 
the complication caused by double crossovers in meiotic 
mapping does not occur; the order of markers with respect to 
their centromeres can be established more reliably. 
Meiotic analysis has been used to construct the genetic 
map of C. heterostrophus. Diploidy is as yet unknown in C. 
heterostrophus, even in forced heterokaryotic cells (Leach 
and Yoder 1982), making mitotic analysis impossible. C. 
heterostrophus, however, has a well defined sexual cycle and 
its meiotic products can be easily collected. The meiotic 
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approach therefore is the only way to make a genetic map for 
this fungus. 
1.2.2 Restriction fragment length polymorphism (RFLP^ 
mapping 
RFLPs are the differences among individuals in the 
lengths of homologous DNA fragments created by restriction 
enzymes. RFLPs are caused by either DNA rearrangements or 
base substitutions which destroy or create restriction sites. 
Detection of RFLPs can be achieved by hybridizing 
electrophoretically separated restriction fragments with a 
complementary probe. 
RFLP mapping has several advantages over genetic mapping 
using phenotypic markers. RFLPs are potentially unlimited in 
number. A large variety of restriction enzymes (>100) are 
available and the number of different fragments created by 
restriction enzymes is tremendous; over 10^ restriction 
fragments can be created by digestion of the nuclear DNA of 
lower eukaryotes, e.g., N. crassa, by a restriction enzyme 
with a hexanucleotide recognition site. Unlike most 
phenotypic markers, RFLP markers do not have epistatic 
effects and are seldom associated with deleterious effects. 
It is therefore possible to map many RFLPs in a single cross. 
In addition, RFLPs are not affected by environment and can be 
scored less ambiguously than many phenotypic markers. For 
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cloning purposes, RFLP maps are also superior to maps based 
on phenotypic markers because every RFLP can serve as a 
starting point for chromosome walking. 
RFLP mapping was first proposed by Botstein et al. (1980) 
for constructing a human genetic map. Its application in 
plant and animal genetic improvement was suggested 
subsequently (Soller and Beckmann 1983; Beckmann and Soller 
1983). Several RFLP maps have now been developed for animals 
and plants. An RFLP map covering at least 95% of the human 
genome was constructed (Donis-Keller et al. 1987). For mice, 
a genetic map based on RFLPs has been made and RFLPs were 
distributed among 20 chromosomes (Elliott 1987). Genetic 
maps based on RFLPs have also been developed for numerous 
higher plants, including tomato (Bernatzky and Tanksley 1986; 
Helentjaris et al. 1986a; Zamir and Tanksley 1988), maize 
(Helentjaris et al. 1986a; Helentjaris 1987; Burr et ai. 
1988), potato (Bonierbale, Plaisted and Tanksley 1988; 
Gebhardt et al. 1989), lettuce (Landry et ai. 1987a), pepper 
(Tanksley et ai. 1988), lentil (Havey and Muehlbauer 1989), 
rice (McCouch et ai. 1988) and Arabidopsis thaliana (Chang et 
ai. 1988). In addition, an RFLP map comprising 19 linkage 
groups was constructed for the unicellular algae 
Chlamydomonas reinhardtii (Ranum et ai. 1988). 
Genetic mapping with RFLPs is also becoming common for 
filamentous fungi. N. crassa has a saturated genetic map 
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based on phenotypic markers. RFLP mapping is used primarily 
to locate cloned genes on the preexisting map (Metzenberg et 
al. 1984; Metzenberg et al. 1985; Berlin and Yanofsky 1985; 
Orbach, Porro and Yanofsky 1986; Stewart and Vollmer 1986; 
Metzenberg and Grotelueschen 1987). A genetic map based 
primarily on RFLPs was developed for the white rot fungus 
Phanerochaete chrysosporium (Raeder, Thompson and Broda 
1989) . A total of 38 RFLPs and a mating type locus were 
analyzed using 53 haploid progeny of a single cross. Six 
linkages were deduced covering 419 cM; 90% of the markers 
showed linkage. 
The potential application of RFLP mapping for 
phytopathogenic fungi was proposed (Michelmore and Hulbert 
1987). For fungal plant pathogens, a saturated genetic map 
is desired for the efficient cloning of pathogenicity genes. 
Simple phenotypic maps are available for U. maydis, U. 
violacea and Venturia inaequalis. A more comprehensive 
genetic map based on RFLPs has been constructed for the 
lettuce downy mildew pathogen, Bremia lactucae (Hulbert et 
al. 1988). A total of 53 RFLPs, eight avirulence loci and a 
mating type locus were analyzed among 38 progeny in one cross 
and 32 progeny in another cross. The linkage map comprised 
about 230 cM and 37 markers were distributed among 13 linkage 
groups. One RFLP was located 6.5 cM from an avirulence gene 
and might serve as a starting point for chromosome walking. 
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A more saturated RFLP map for B. lactucae is now being 
constructed (Judelson et ai. 1989). RFLP maps are being 
developed for Phytophthora infestans (Shaw personal 
communication in Michelmore and Hulbert 1987; W. E. Fry, 
Department of Plant Pathology, Cornell University, personal 
communication) and Magnaporthe grisea (Leong et ai. 1989; B. 
S. Valent, E. I. du Pont de Nemours & Co., personal 
communication). 
1.3 Approaches for Determining Karyotypes 
The karyotypes of filamentous fungi have been determined 
primarily by three methods. For organisms with chromosomes 
larger than 10 Mb, the karyotypes can be established by 
counting stained pachytene chromosomes under a light 
microscope (Smith et al. 1986). For fungi with chromosomes 
which are too small to count under a light microscope, pulsed 
field gel electrophoresis (PFGE) and three-dimensional 
reconstruction of synaptonemal complexes as seen with an 
electron microscope can be employed to determine the haploid 
number of chromosomes. Electron microscope studies of the 
synaptonemal complexes have been used to investigate the 
karyotype of N. crassa (Gillies 1972), S. macrospora (Zickler 
1977), Sordaria humana (Zickler and Sage 1981), Coprinus 
cinereus (Holm et al. 1981), Coprinus lagopus, Coprinus 
micaceus, Coprinus comatus, Coprinus atramentarius (Lu and 
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Raju 1970), Allomyces macrogynus (Borkhardt and Olson 1979), 
Saprolegnia ferax (Tanaka, Heath and Moens 1982), S. commune 
(Cantii et al. 1978) , Pleurotus eryngix (Slezec 1981) and M. 
grisea (Leung and Williams 1987). PFGE has been employed to 
investigate the karyotypes of U. maydis (Kinscherf and Leong 
1987), U. violacea (Day and Garber 1987), Phytophthora 
megasperma (Hewlett 1989), N. crassa (Orbach et al. 1988), 
Cephalosporium acremonium (Skatrud and Queener 1989) , A... 
nidulans (Brody and Carbon 1989) and M. grisea (Orbach, E. I. 
du Pont de Nemours & Co., personal communication). In 
addition, quantitative karyotyping by dual beam flow 
cytometry has been demonstrated for human chromosomes 
(Langlois et al. 1982) and might be useful for determining 
the karyotypes of filamentous fungi. 
The concept that DNA molecules larger than 50 kb can be 
separated using PFGE was proposed by Schwartz et al. (1982). 
This technique was first demonstrated by the separation of 
the chromosomes of Saccharomyces cerevisiae by Schwartz and 
Cantor (1984). Since then, several variations of PFGE have 
been developed. The advantages and limitations of each PFGE 
instrument have been reviewed (Lai et ai. 1989). Of these 
designs, transverse alternating field electrophoresis (TAFE) 
(Gardiner, Laas and Patterson 1986) and contour-clamped 
homogeneous electric field (CHEF) electrophoresis (Chu, 
Vollrath and Davis 1986) can resolve chromosomes of a wide 
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size range in straight lanes. To date, the largest 
chromosome resolved using PFGE is 12 megabases, the size of 
the largest chromosome of N. crassa (Orbach et ai. 1988). 
Studies of the karyotype of C. heterostrophus have been 
inconclusive. The haploid chromosome number of C. 
heterostrophus has been reported to be eight, as determined 
by counting iron-hematoxylin stained pachytene chromosomes 
under a light microscope (Guzman, Garber and Yoder 1982). 
Other investigators were unable to count chromosomes reliably 
or confirm this result using the same approach due to the 
apparently small size of the chromosomes (Bronson 1988). 
Since the chromosomes of C. heterostrophus seem to be smaller 
than those of N. crassa (Bronson 1988), it should be possible 
to determine the karyotype of C. heterostrophus using PFGE. 
Therefore, PFGE was employed to investigate the chromosome 
number of C. heterostrophus. 
1.4 Approaches for Associating Linkage Groups and Cloned 
Genes with Chromosomes 
Linkage groups and cloned genes can be associated with 
individual chromosomes using various strategies. They are 
aneuploid series, chromosome rearrangements, in situ 
hybridization and hybridization of electrophoretically 
separated chromosomes with cloned DNA. 
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Aneuploid series have been used to associate linkage 
groups and cloned genes with individual chromosomes in 
several plants. In maize, monosomic lines have been used to 
assign cloned DNA fragments which identified RFLPs to 
individual chromosomes (Helentjaris, Weber and Wright 1986b). 
DNAs from a series of monosomic F1 progeny were digested with 
restriction enzymes and hybridized with probes used for 
making the RFLP map. The association between chromosomes and 
linkage groups in the RFLP map was established by relating 
the absence of alleles from different linkage groups to the 
absence of individual chromosomes (Helentjaris, Weber and 
Wright 1986b). Trisomies in rice were also used to assign 
individual linkage groups in the RFLP map to chromosomes 
(McCouch et al. 1988). Probes in different linkage groups 
were hybridized to the restricted genomic DNA from 12 
trisomie lines and dosage analysis was performed to correlate 
the probes giving increased signal and the extra chromosomes. 
Chromosome rearrangements have commonly been used to 
assign linkage groups to chromosomes. Translocations have 
been used to establish the correlation between linkage groups 
and chromosomes in S. macrospora and N. crassa (Leblon et 
al. 1987; Perkins 1987). A change of chromosome size is 
correlated with change of the linkage relationships among the 
markers. B-A translocations have been successfully used in 
maize to assign RFLP markers to the short arm, long arm and 
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centromere region of each chromosome (Weber and Helentjaris 
1989). Stocks carrying B-A translocations involving each 
chromosome of maize were used as the male parent in crosses. 
•Due to the unstable inheritance of B chromosomes, some 
progeny were deficient for the translocated chromosome 
fragments (hypoploid progeny). Probes used to construct the 
RFLP map were hybridized to restricted total genomic DNA from 
the parents, hypoploid progeny and nonhypoploid progeny. The 
RFLPs located in chromosome segments which are involved in 
each B-A translocation were identified by observing the 
haploidy of the alleles in the hypoploid progeny. Since the 
location of the breakpoint of each B-A translocation was 
already known from cytological studies, it was possible to 
assign RFLPs to specific chromosome arms. 
Hybridization of cloned sequences to chromosomes in situ 
or after electrophoretic separation permits rapid mapping. 
In situ hybridization has been used to locate muscle protein 
genes and ribosomal genes on embryonic metaphase chromosomes 
of Caenorhabditis elegans (Albertson 1984; Albertson 1985). 
The average chromosome size of C. elegans is about 13 Mb 
(Albertson 1985) which is about the same as that of the 
largest chromosome in W. crassa (Orbach et al. 1988). It 
should therefore be possible to use this method to assign 
cloned sequences to individual chromosomes in fungi. To the 
author's knowledge, in situ hybridization has never been 
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employed to associate genes with the chromosomes of 
filamentous fungi. However, hybridization of cloned DNA 
sequences to electrophoretically separated chromosomes has 
been used to associate linkage groups with individual 
chromosomes (Orbach et ai. 1988), and to map cloned genes to 
chromosomes of N. crassa (Orbach et ai. 1988), U. maydis 
(Kinscherf and Leong 1988; Kinscherf and Leong 1987) and C. 
acremonium (Skatrud and Queener 1989). 
The linkage assignments in our RFLP map were confirmed 
and correlations between individual chromosomes and linkage 
groups were established by hybridization of probes used for 
mapping to electrophoretically separated chromosomes. 
Several cloned genes of known function from C. heterostrophus 
were also assigned to chromosomes by this method. 
1.5 Objective 
The objective of this research was to construct a 
genetic map and determine the karyotype of C. heterostrophus. 
The map was constructed by analyzing segregation patterns of 
both RFLP and phenotypic markers in a single cross. Two 
isolates which appeared very different in their DNA sequences 
and did not have known segregation distortion when crossed 
(Bronson 1988) were chosen as parents. RFLPs were identified 
between the parents by probes from a cosmid library using 10 
restriction enzymes and from two plasmid libraries using 18 
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restriction enzymes. The karyotype of C. heterostrophus was 
investigated using pulsed field gel electrophoresis. Cloned 
genes from C. heterostrophus and probes used for making the 
map were hybridized to electrophoretically separated 
chromosomes to associate the linkage groups and cloned genes 
with individual chromosomes. 
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2 MATERIALS AND METHODS 
2.1 Fungal Strains and Media 
Strains of C. heterostrophus used in this study and 
relevant genetic markers are given in Table 2. Field 
isolates, except those from Iowa, were obtained from 0. C. 
Yoder of Cornell University. Strains from Iowa were 
collected by C. J. R. Klittich at Hinds Farm, north of Ames, 
in August 1984. The C-strains are a set of fertile near-
isogenic strains bred from field isolates by a program of 
back-crossing and intercrossing for use in research (Leach, 
Lang and Yoder 1982a). The C-strains used in this study are 
siblings from cross B30 (Bronson 1988) in which the parents 
are the C-strains C3 (toxl ALBl CyhlS MATl-2) (Leach, Lang 
and Yoder 1982a) and a progeny from a cross between C14 (TOXl 
albl CyhlS MATl-2) and 380.2.5 {TOXl ALBl CyhlR MATl-1). All 
strains were stored in 15% glycerol at -65 C as conidia and 
mycelial fragments (Yoder 1988). 
Complete medium (CM) used for growing C. heterostrophus, 
Sach's medium for making sexual crosses and sorbose medium 
for restricting colony size have been described (Leach, Lang 
and Yoder 1982a). All the fungi were grown under cool-white 
fluorescent lights and crossed in the dark at room 
temperature (22-24 C). 
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Table 2. Strains of C. heterostrophus used in this study 
Strains Genotype^ Origin 
Field isolates 
Bumco6 toxl ALBl CyhlS MATl-2 North Carolina 
Dixon toxl ALBl CyhlS MAT1-2 Illinois 
Haw213 toxl ALBl CyhlS MATl-2 Hawaii 
Hm28 toxl ALBl CyhlS MATl-2 North Carolina 
Hm402 toxl ALBl CyhlS MATl-1 Florida 
Hm404 toxl ALBl CyhlS MAT1-1 Costa Rica 
Hm540 toxl ALBl CyhlS MATl-1 North Carolina 
Hm648 toxl ALBl CyhlS MATl-2 Florida 
Hm653 toxl ALBl CyhlS MATl-2 Florida 
Hm813 toxl ALBl CyhlS MATl-2 Japan 
lAl toxl ALBl CyhlS MATl-1 Iowa 
IA2 toxl ALBl CyhlS MATl-2 Iowa 
IA3 toxl ALBl CyhlS MATl-2 Iowa 
IA4 toxl ALBl CyhlS MATl-1 Iowa 
Mon2 toxl ALBl CyhlS MATl-1 Montana 
NYSSl toxl ALBl CyhlS MATl-2 New York 
PR9B toxl ALBl CyhlS MATl-1 Mexico 
C-strains 
B30.A3.R. 1 TOXl ALBl CyhlS MATl-1 
B30.A3.R. 22 TOXl albl CyhlR MATl-1 
B30.A3.R. 45 TOXl albl CyhlR MATl-2 
B30.A3.R. 65 TOXl ALBl CyhlS MATl-2 
B30.A3.R. 85 toxl ALBl CyhlS MATl-1 
B30.A3.R. 87 toxl ALBl CyhlS MATl-2 
B30.A3.R. 88 TOXl albl CyhlR MATl-1 
^The genetic nomenclature system is as recommended by 
Yoder, Valent and Chumley (1986). TOXl and toxl are 
alternate alleles at the Toxl locus for the ability and 
inability to produce T-toxin, respectively. Alleles at the 
Albl locus are ALBl for pigmentation and albl for albinism. 
CyhlR designates an allele for cycloheximide resistance; 
CyhlS codes for sensitivity to cycloheximide. MATl-1 
(previously MATA) and MATl-2 (previously mata) are alleles at 
MATl for complementary mating type. 
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2.2 Assays of Phenotypic Markers 
2.2.1 Cycloheximide resistance and mating type 
Cycloheximide resistance and mating type of the field 
isolates, the two parental strains used for making this map, 
and their progeny were determined by the methods of Klittich 
and Bronson (1986). Cycloheximide resistance was determined 
by inoculating 1-2 mm^ pieces of mycelium with agar onto 
cycloheximide media (CM supplemented with 40 pg/ml 
cycloheximide). Hm540 {CyhlS) and B30.A3.R.45 (CyhlR) were 
used as controls. Growth was observed one week after 
inoculation. Strains with colony size similar to that of 
Hm54 0 (about 5mm in diameter) were considered sensitive; 
strains with colony size similar to that of B30.A3.R.45 
(about 15 mm in diameter) were considered resistant. Tests 
of all isolates were performed twice. 
Mating types were determined by testing the ability of 
the fungi to cross to two C-strains with opposite mating 
types (B30.A3.R.45 and B30.A3.R.88). Both tested strains and 
testers were inoculated onto Petri plates (9 cm) of Sach's 
media overlaid with small fragments (~3mm diameter) of 
naturally senescent corn leaves. When tested fungi and 
tester strains had complementary mating type, 
pseudoperithecia formed on the corn leaves. The mating type 
of the 91 progeny used for making this map was confirmed by 
C. R. Bronson. Each progeny was crossed to testers based on 
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the progeny mating type assigned in the previous test. 
Ascocarps and ascospores formed in all pairings, indicating 
correct mating type assignments. The four testers were 
B30.A3.R.1, B30.A3.R.65, B30.A3.R.85 and B30.A3.R.87. 
2.2.2 T-toxin assay 
T-toxin production of the two parental strains and their 
progeny was tested on seedlings of W64A-T (Texas male sterile 
cytoplasm) according to the methods of Klittich and Bronson 
(1986). Conidia and mycelia scraped from colonies grown on 
sorbose medium were inoculated into the whorls of 3-4 
seedlings with expanded second leaves (7-15 days after 
seeding). The plants were put in a chamber with 100% 
relative humidity overnight and then returned to the 
greenhouse. Symptoms were recorded 5-7 days later. Race O 
produced small tan lesions on the leaves; race T produced tan 
to grey lesions of larger size and chlorotic and necrotic 
streaks on leaves. 330.A3.R.45 and B30.A3.R.85 served as 
race T and race 0 controls, respectively. Any isolate giving 
an ambiguous result was retested. 
T-toxin production of the two parents and the 91 progeny 
used for linkage analysis was confirmed by observing the 
inhibition of growth of Escherichia coli transformed with 
urfl3-T. Urfl3-T is a unique mitochondrial gene that encodes 
a 13-KD protein responsible for T-toxin sensitivity in maize 
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with T cytoplasm (Dewey et al. 1988). E. coli transformed 
with urfl3-T also become sensitive to T-toxin (Dewey et al. 
1988). The use of urfl3-T in an assay for T-toxin has been 
described (Yoder et ai. 1989). E. coli strain DH5a was 
transformed with pATH13-T which is a plasmid containing 
urfl3-T (generously provided by C. S. Levings III and 
Lubrizol Genetics, Inc). The transformed E. coli were grown 
in 100 ml M9 broth (Maniatis, Fritsch and Sambrook 1982) 
supplemented with 0.1 mg/ml ampicillin and 0.02 mg/ml 
tryptophan at 30 C with shaking at 200 rpm overnight. Ten ml 
of the overnight culture was added to 90 ml of M9 broth 
supplemented with 0.1 mg/ml ampicillin. The culture was 
incubated with shaking at 200 rpm at 30 C. After the culture 
had grown for 1 hr, 500 fxl of 1 mg/ml indoleacrylic acid in 
100% ETOH was added and culture was grown for 2 more hours. 
To assay T-toxin production, 225 nl of the induced cells were 
spread onto Luria-Bertani (LB) agar (Maniatis, Fritsch and 
Sambrook 1982) supplemented with 0.1 mg/ml ampicillin in 9 cm 
plates. The plates were allowed to dry, inoculated with 100-
150 mm^ cubes of mycelium with agar and incubated at 37 C 
overnight. Suppression of bacterial growth around the 
mycelial blocks indicated the production of T-toxin. The 
size of the bacteria-free zone varied from 2 cm in diameter 
to undetectable with the naked eye. Suppression of bacterial 
growth was therefore evaluated using a microscope (3OX 
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magnification). Each assay was done twice. B30.A3.R.45 and 
Hm54 0 were used as race T and race 0 controls, respectively. 
The results from this assay were identical to those from the 
whorl assays. 
2.3 Assay of RFLP Markers 
To detect RFLPs in C. heterostrophus, the total genomic 
DNAs of different fungal strains were digested with 
restriction enzymes and separated by agarose gel 
electrophoresis. The separated restriction fragments were 
transferred onto membranes and hybridized with DNA probes 
(Southern blot). Two plasmid libraries of random nuclear 
DNA, one cosmid library of total genomic DNA and cloned genes 
from C. heterostrophus were used as probes. 
2.3.1 Preparation of funaal DNA 
Total genomic DNA of C. heterostrophus was isolated by a 
modification of the methods of Yoder (1988). Ground mycelium 
from 30 ml of an overnight CM broth (CM without agar) shaking 
culture was inoculated into 250 ml of CM broth and grown at 
room temperature (22-24 C) with shaking at 150 rpm for 2-3 
days. Mycelia were harvested on filter paper (Whatman #4), 
lyophilized, frozen in liquid nitrogen, ground to fine powder 
with a mortar and pestle, and mixed in 10 ml lysis buffer (1% 
sarkosyl, 150 mM EDTA [pH 8.0], 150 mM Tris [pH 8.0], 300 
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ng/ral proteinase K [Sigma Chemical Co., St. Louis, MO]). The 
cell homogenate was then centrifuged at 7000 rpm for 5 min at 
4 C in a Sorvall SS-34 rotor. The supernatant was treated 
with 10 pi of RNase (10 mg/ml, heat-treated to kill DNase 
activity) (Sigma Chemical Co., St. Louis, MO), for 30 min at 
37 C and then extracted once with phenol/chloroform/isoamyl 
alcohol (25/24/1, v/v/v) and once with chloroform/isoamyl 
alcohol (24/1, v/v). Ethanol precipitation was used to 
recover and concentrate the fungal DNA. The DNA was 
suspended in IX TE (pH 8.0) buffer (10 mM Tris [pH 8.0], 1 mM 
EDTA [pH 8.0]) (Maniatis, Fritsch and Sambrook 1982). 
2.3.2 Restriction digestion and blotting 
The DNA was digested with restriction enzymes using the 
conditions specified by the supplier (Bethesda Research 
Laboratories, Gaithersburg, MD). The restriction enzymes 
used in this study are given in Table 3. Digested DNA 
fragments were separated on an 0.8% agarose gel in IX TBE 
buffer (lOX TBE: 108 g/1 Tris, 55 g/1 boric acid, 40 ml/1 
0.5 M EDTA [pH 8.0]) (Maniatis, Fritsch and Sambrook 1982). 
Ethidium bromide (0.5 pg/ml) was added to the gel and running 
buffer to stain the DNA. After photographing under UV light, 
DNA fragments in the gel were depurinated by immersing the 
gels with gentle shaking in 0.25 N HCl for 10 min twice. 
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Table 3. Restriction enzymes used in this study 
Restriction Recognition^ Methylation^ 
enzyme sequence sensitivity 
Apal GGG/CCC + 
BamEl G/GATCC + 
Bgll GCCNNNN/NGGC -
BstEll G/GTNACC -
EcoRI G/AATTC + 
EcoRV GAT/ATC + 
Hindlll A/AGCTT + 
Mlul A/CGCGT -
PstI CTGCA/G + 
Pvull CAG/CTG + 
Sail G/TCGAC + 
Seal AGT/ACT 7 
Smal CCC/GGG + 
Sstl GAGCT/C + 
Sstll CCGC/GG 7 
Styl C/C(AT)(AT)GG ? 
Xbal T/CTAGA + 
Xhol C/TCGAG + 
^Recognition sequences of restriction enzymes are 
written from 5' to 3' in one strand. The cleavage sites are 
denoted by a slash (/). Nucleotide symbols inside 
parentheses indicate that either nucleotide can be in this 
position. The symbol "N" represents any base. 
^Methylation sensitive restriction enzymes are indicated 
by a "+". Methylation insensitive enzymes are indicated by a 
Restriction enzymes for which methylation sensitivity 
has not been tested are indicated by a 
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denatured by immersing the gels with gentle shaking in 0.5 M 
NaOH, 1.5 M NaCl for 1 hr, and neutralized by immersing the 
gels with gentle shaking in 1 M Tris [pH 7.4], 1.5 M NaCl for 
1 hr. The gels were then blotted onto nylon membranes 
(Nytran, Schleicher & Schull Inc., Keene, NH) by capillary 
transfer in 2OX SSPE (3.6 M sodium chloride, 0.2 M sodium 
phosphate (monobasic), and 0.02 M EDTA [pH 7.4]) (Southern 
1975). After blotting overnight, the nylon membranes were 
rinsed in 2X SSPE, blotted dry with Whatman 3MM paper, and 
baked at 80 C in a vacuum oven for 2 hrs. 
2.3.3 DNA hybridization and autoradioaraphv 
Blots were prehybridized for 2-8 hours at 42 C in 
plastic bags containing 5X SSPE, 5X Denhardt's solution (0.1% 
Ficoll, 0.1% polyvinylpyrrolidone, and 0.1% bovine serum 
albumin [BSA]), 0.1% SDS, 100 ^ g/ml denatured sheared salmon 
sperm DNA (sheared by passing through an 18-gauge hypodermic 
needle several times, then denatured by boiling for 5 min) 
and 50% (v/v) formamide. Probe DNA was labeled with dCT^^P 
by the random hexamer labeling method (Feinberg and 
Vogelstein 1983). Circular DNA probes were linearized by 
digesting with a restriction enzyme, recovered by ethanol 
precipitation and resuspended in 5 ^1 of water. The 
linearized DNA fragments were denatured by boiling for 5 min 
and labeled by adding 11.4 pi LS, 1 /il of BSA (10 mg/ml) , 1 
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/il of Klenow fragment and 50 fiCi dCT^^P. LS is a 7/25/25 
(v/v/v) mixture of random hexamer (Pharmacia, Piscataway, NJ) 
(90 O.D. units/ml in 1 mM Tris [pH 7.5] and 1 mM EDTA), 
nucleotides (100 iM each of dATP, dGTP and dTTP [Pharmacia, 
Piscataway, NJ] in 250 mM Tris [pH 8.0], 25 mM MgClg and 50 
mM ^-mercaptoethanol) and HEPES (1 M, pH 6.6). After 
incubation for 2-6 hours, radioactive probes were denatured 
by boiling 5 min and then injected into the plastic bags. 
Hybridization was performed with rocking at 42 C for 14-36 
hrs. The blots were then rinsed in IX SSPE, 0.5% SDS three 
times (5-10 min each) at room temperature (22-24 C), washed 
in IX SSPE, 0.5% SDS at 65 C, 2-3 times (1 hr each) or 
longer/more times until most non-specific binding was removed 
(the radioactivity of the blots was usually about 100-3 00 
mR/hr), blotted dry with Whatman 3MM paper, wrapped in Saran 
Wrap, and appressed to Kodak XAR-5 film usually with one 
intensifying screen (Dupont Cronex Hi-plus) for 1-14 days at 
-65 C. When the blots were very radioactive, they were 
appressed to film without an intensifying screen at room 
temperature for 12-18 hr. The blots were stripped of label 
prior to reuse by washing for 30 min in 0.2 M NaOH at 65 C, 
and then for 30 min in 0.5 M Tris [pH 8.0], 10 mM EDTA [pH 
8.0] with gentle shaking at room temperature. The blots were 
rinsed briefly with 2X SSPE, blotted dry, wrapped in Saran 
Wrap and then stored in a plastic bag. The blots could be 
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stored at 4 C for at least 1 month and at -20 C for at least 
24 months. Nytran membranes were reused more than 20 times 
and still gave a readable signal. However, the more the 
membranes were reused, the fainter the signals were. 
2.3.4 Plasmid libraries of random nuclear DNA 
Two plasmid libraries were prepared from random nuclear 
DNA of C. heterostrophus. DNA from B30.A3.R.22 was cloned 
into the vector, pGEM2 (Promega Biotec, Madison, WI) and 
transformed to E. coli JM83; DNA from B30.A3.R.45 was cloned 
into the vector, pBSM13+ (Strategene, La Jolla, CA) and 
transformed to E. coli JMIOI. 
Random nuclear DNA of C. heterostrophus was prepared by 
a modification of the methods of Garber and Yoder (1983) . 
The total genomic DNA was isolated as described above and 
banded in a cesium chloride solution (1.68g/ml) containing 
120 ng/ml bisbenzimide at 55,000 rpm in a Sorvall TV-865 
rotor at 16 C for 22-24 hrs. Three bands of DNA appeared 
blue-white under long-wavelength ultraviolet (UV) light. The 
top band was mitochondrial DNA; the lowest band was nuclear 
DNA; the band between mitochondrial and nuclear DNA was 
ribosomal DNA (Garber and Yoder 1983). The nuclear DNA band 
was removed by side puncture of the tube with an 18-gauge 
needle attached to a syringe. The nuclear DNA was re-banded 
one more time to minimize the contamination from 
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mitochondrial and ribosomal DNA. 
The DNA libraries were constructed using standard 
cloning procedures (Maniatis, Fritsch and Sambrook 1982). 
Total nuclear DNA was digested to completion with Hzndlll 
(Bethesda Research Laboratories, Gaithersburg, MD) and 
inserted into the Hindlll sites of calf intestinal alkaline 
phosphatase (Pharmacia, Piscataway, NJ) treated plasmid 
vectors pGEM2 and pBSM13+. The ligation reaction was carried 
out in 10 /il total volume using 0.2 /jg vector, 0.2 /jg inserts 
and 1 unit ligase (Bethesda Research Laboratories, 
Gaithersburg, MD) at 16 C overnight. E. coli was rendered 
competent by treating with 0.1 M MgClg and then 0.1 M CaClg. 
The competent cells (0,2 ml) were mixed with 50-100 ng of 
ligated DNA and placed on ice for 20 min. After heat shock 
(42 C, 2 min), the cells were transferred to 1 ml of LB broth 
and incubated at 37 C for 30 min. For the library in pGEM2, 
0.2 ml of the bacteria were spread on LB plates supplemented 
with 0.1 mg/ml ampicillin and individual aitipicillin resistant 
colonies were picked and stored. For the library in pBSM13+, 
0.2 ml of the transformed bacteria were spread on LB plates 
supplemented with 0.1 mg/ml ampicillin, 40 pg/ml 5-bromo-4-
chloro-3-indolyl-/3-D-galactoside (X-gal) and 5mM 
isopropylthio-galactoside (IPTG). Recombinant transformants 
formed white colonies whereas colonies of nonrecombinant 
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transformants were blue. Individual ampicillin resistant, 
white colonies were picked and stored. 
Individual ampicillin resistant transformant colonies 
were stored at -65 C in 1.8 ml micro-tubes (Sarstedt, 
Princeton, NJ). For the pGEM2 library, each transformant was 
grown in LB broth containing 0.05 mg/ml ampicillin with 
shaking overnight at 37 C. The overnight cultures (0.25 ml) 
were transferred to the microtubes and mixed with 0.25 ml of 
a solution containing 12.6 mg/ml KgHPO^, 0.9 mg/ml 
Na^citrate, 0.18 mg/ml MgSO^, 1.8 mg/ml (NH^igSO^, 3.6 mg/ml 
KH2PO4 and 88 mg/ml glycerin (C. F. Ford, Department of 
Genetics, Iowa State University, personal communication). 
Individual transformants in pBSM13+ library were stored in 
25% glycerol (0.5 ml of 50% glycerin plus 0.5 ml overnight 
bacterial culture in LB broth containing 0.1 mg/ml 
ampicillin). 
Plasmid DNA was recovered from single clones grown on LB 
plates containing 0.1 mg/ml ampicillin, and isolated using 
the alkaline lysis method (Maniatis, Fritsch and Sambrook 
1982). Single clones on LB+ampicillin (0.1 mg/ml) plates 
were inoculated into 2 ml of LB broth containing 0.1 mg/ml 
ampicillin and grown overnight at 37 C. The overnight 
cultures were transferred to microcentrifuge tubes (Sarstedt, 
Princeton, NJ; USA Scientific Plastics, Ocala, Florida) and 
the bacteria were pelleted by centrifugation for 1-2 min in a 
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microcentrifuge. The bacteria were resuspended in 150 
ice-cold solution of 50 mM glucose, 10 mM EDTA, 25 mM Tris 
[pH 8.0] and 4 mg/ml lysozyme (Sigma Chemical Co., St. Louis, 
MO). Cells were broken and DNA was denatured by gently 
mixing with 200 nl of a freshly-made solution of 0.2 N NaOH 
and 1% sodium dodecyl sulfate (SDS). To renature the plasmid 
DNA, 150 pi of 5 M potassium acetate (pH 5.2) was added. The 
cell debris and denatured chromosomal DNA were removed by 
centrifugation. The supernatant was extracted once with 
phenol/chloroform/isoamyl alcohol (25/24/1, v/v/v) and once 
with chloroform/isoamyl alcohol (24/1, v/v). The plasmid DNA 
was recovered by ethanol precipitation and suspended in 100 
pi of IX TE (pH 8.0) containing 20 ng/ml RNase. The number 
and size of inserts were determined by digesting plasmid DNA 
with Hindlll and separating restricted DNA fragments by 
agarose gel electrophoresis in IX TBE. 
Inserts in pBSM13+ were screened for repetitive DNA and 
rDNA (plasmid pLR59 kindly provided by B. G. Turgeon) by 
colony hybridization (Grunstein and Hogness 1975). Five 
hundred transformants in pBSM13+ library were stabbed into LB 
plates containing 100 pg/ml ampicillin and grown overnight at 
37 C. The colonies were transferred onto nitrocellulose 
membranes by placing the membranes on the agar plates. After 
the nitrocellulose membranes were thoroughly wet, they were 
removed from the plates. The membranes, with colony side up, 
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were placed on Whatman 3MM paper saturated with 0.5 M NaOH 
for 7 min, 1.0 M Tris-HCl (pH 7.4) for 4 min and 1.5 M NaCl, 
0.5 M Tris-HCl (pH 7.4) for 4 min. The membranes were then 
baked in a vacuum oven at 80 C for 2 hr and were hybridized 
with ^^P-labeled rDNA and total genomic DNA from B30.A3.R.45. 
Colonies which hybridized strongly were presumed to harbor 
plasmids containing repetitive DNA whereas colonies which 
hybridized weakly were presumed to harbor plasmids containing 
low copy number DNA. Plasmids which did not have strong 
hybridization to total genomic DNA and rDNA were used as 
probes. 
2.3.5 Cosmid librarv 
Probes were also obtained from a cosmid library, kindly 
provided by Drs. B. G. Turgeon and O. C. Yoder. In this 
cosmid library, the genomic DNA of C2 (TOXl albl CyhlS MATl-
1) was cloned into the BamHI site of cosHygl, a cosmid vector 
that can be used to transform both C. heterostrophus and E. 
coll (Turgeon, Garber and Yoder 1987). The average size of 
inserts was about 40-45 kb. Inserts in the library were 
screened to detect those containing repetitive DNA by colony 
hybridization using ^^P-labeled total genomic DNA as probes 
(Grunstein and Hogness 1975). Cosmids that did not have 
strong hybridization to total genomic DNA, that is, cosmids 
with low copy number DNA inserts, were used as probes. 
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Cosinid DNA was isolated according to the procedure of Vollmer 
and Yanofsky (1986). 
2.3.6 Cloned genes 
Four cloned genes, i.e., GPDl (pW32) , Matl-1 (CosMatl) , 
rDNA (pLR59) and Trpl (pChTrp24B) and a cloned mitochondrial 
DNA fragment, pChM A2-7, from C. heterostrophus were also 
used as probes. They were kindly provided by Drs. B. G. 
Turgeon and 0. C. Yoder. 
2.4 Linkage Analysis 
Linkage analysis was performed by analyzing the 
segregation of markers in a single cross between B30.A3.R.45 
and Hm540. B30.A3.R.45 was crossed with Hm540 on naturally 
senescent leaves on Sach's media at 22-24 C by the methods of 
Leach, Lang and Yoder (1982a). Ascospores were dissected 
from asci on day 21 to day 24 after crossing by C. R. 
Bronson. To facilitate the release of ascospores, asci were 
treated with 5% /3-glucuronidase (v/v of water) (Sigma 
Chemical Co., St. Louis, MO)(Bronson 1988). A total of 416 
ascospores were isolated from 138 asci; all viable progeny in 
each ascus were usually obtained. Of these progeny, 91, each 
of which was chosen randomly from a different random ascus, 
were used to construct the map. Progeny from 
pseudoperithecia of both parents were collected to permit 
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detection of maternal inheritance. Since one parent produced 
pigmented ascocarps whereas the other parent produced albino 
ascocarps, the maternal parent of each progeny was known. 
Marker segregation, marker recombination, 95% binomial 
confidence intervals (Fleiss 1981) for recombination 
frequency and chi-square (X^) value for the null hypothesis 
that two markers are unlinked were calculated using the 
computer program HAPMAP (Bronson, Chang and Tzeng 1989). The 
chi-square values were calculated based on a 2X2 contingency 
table with 1 degree of freedom. The order of markers in the 
map was chosen such that the number of recombination events 
was minimized. 
2.5 Confirmation of Linkages 
The linkage assignments in the RFLP map were confirmed 
by hybridizing electrophoretically separated chromosomes with 
probes used for making RFLP map. The chromosomes were 
prepared from protoplasts and separated by pulsed field gel 
electrophoresis. 
2.5.1 Preparation of chromosomes of C. heterostrophus 
Chromosomes were prepared from protoplasts of C. 
heterostrophus by a modification of the methods of Orbach et 
al. (1988). Protoplasts were prepared according to the 
method of Yoder (1988). Conidia (10^-10^) were suspended in 
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100 ml liquid CM in 250 ml flasks and grown at 28-30 C with 
shaking at 200 rpm overnight. The germinated conidia were 
harvested by centrifugation at 5000 rpm in a SS34 rotor for 5 
min and washed once with 0.7 N NaCl. Digestion of mycelia 
was carried out in 10 ml of enzyme-osmoticum solution (0.7 M 
NaCl, 0.1 mg/ml chitinase [Sigma Chemical Co., St. Louis, 
MO], 10 mg/ml Novozym 234 [Novo BioLabs, Danbury, CT], 10 
mg/ml Driselase [Sigma Chemical Co., St. Louis, MO]) in a 50 
ml flask at 30 C for 1-2 hrs. The protoplast-enzyme solution 
was poured through 2 layers of cheesecloth and then 1 layer 
of Nitex (20 /im openings) (TETKO, Inc., Elensford, NY). The 
protoplasts were pelleted by centrifugation at 5000 rpm in a 
SS34 rotor for 5 min, washed three times with 1 M sorbitol, 
50 mM EDTA and then mixed with molten 1% low melting-point 
agarose at 50 C in 1 M sorbitol, 50 mM EDTA. The final 
concentration of agarose was 0.6% and the final protoplast 
density was 1-2 x 10®/ml. The agarose plugs were then 
incubated in NDS buffer (0.5 M EDTA [pH 8.0], 10 mM Tris-HCl 
[pH 9.5], 1% N-lauroylsarcosine) (Schwartz and Cantor, 1984) 
containing 2 mg/ml proteinase K for 24 hr at 50 C to release 
the chromosomes from the protoplasts. The plugs were washed 
three times with 50 mM EDTA (pH 8.0) at 50 C and stored in 50 
mM EDTA at 4 C. The chromosomes did not noticeably degrade 
when stored under these conditions for 6 months. 
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2.5.2 Chromosome separation 
Both TAFE (transverse alternating field electrophoresis) 
(Beckman, Palo Alto, CA) (Gardiner and Patterson 1989) and 
CHEF (contour-clamped homogeneous electric field) (Chu 1989) 
gel systems were used for the separation of chromosomes. The 
CHEF apparatus was manufactured by the Engineering Research 
Institute of Iowa State University based on blueprints 
generously provided by R. W. Davis (Stanford University). 
TAFE gel electrophoresis was performed in IX TAFE buffer (20X 
TAFE buffer: 24.2 g/1 Tris, 2.9 g/1 EDTA [free acid], 5 ml/1 
glacial acetic acid) at constant current; CHEF gel 
electrophoresis was performed in 0.5X TBE at constant 
voltage. The amperage (or voltage), switching interval and 
total time of electrophoresis varied depending on the size of 
chromosomes to be resolved. Specific conditions required to 
resolve the chromosomes of C. heterostrophus are indicated in 
Figures 6 and 9. DNA in the gels was stained with ethidium 
bromide (0.5 /ig/ml) after electrophoresis. DNA was 
denatured, neutralized and transferred onto Nytran membranes 
by the methods described in Section 2.3. The membranes were 
hybridized and stripped by the methods described in Section 
2.3 except that the labelling reaction mixtures were run 
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through a P-10 (BIO-RAD, Richmond, CA) column to separate 
labeled probes from unincorporated nucleotides. Membranes 
were reused more than 10 times. In general, the more the 
membranes were reused, the fainter the signals were. 
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3 RESULTS 
3.1 Selection of Parental Strains 
The map was constructed by analyzing the segregation of 
markers in a single cross. It was desired that at least one 
parent be a C-strain to insure the usefulness of the map in 
future research; as discussed in the introduction, all the 
genetic and molecular techniques developed for C. 
heterostrophus were developed for the C-strains. 
To construct the map efficiently, the two parental 
strains should have abundant RFLPs between them. Because the 
C-strains were bred to be near-isogenic, it was expected that 
RFLPs would be difficult to identify among them. Field 
isolates unrelated to the C-strains should differ more in 
their DNA sequence and therefore should have more RFLPs with 
respect to the C-strains. These hypotheses were tested by 
hybridizing a high copy number probe, G189, to EcoRI and 
Xhol digested and electrophoretically separated DNAs of three 
C-strains, B30.A3.R.88, B30.A3.R.45 and B30.A3.R.22 and four 
field isolates, Dixon, Hm813, Hm28 and Mon2. This probe 
hybridized.to more than 20 bands, but did not detect any 
RFLPs among the three C-strains. The banding patterns of 
field isolates, however, were very different from the C-
strains and each other. This suggested that, to identify 
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RFLPs efficiently, the other parent should be a field 
isolate. 
Field isolates of diverse origin were screened to detect 
one with a high frequency of polymorphism with respect to the 
C-strains. DNAs from the race T C-strain B30.A3.R.88 and 17 
race O field isolates of diverse origin (Table 2) were 
digested with either 10 or 7 restriction enzymes and 
hybridized with 37 probes from the pGEM2 and pBSM13+ 
libraries. The total number of enzyme-probe combinations 
tested for each comparison varied because not every probe-
enzyme combination could be scored unambiguously. The number 
of RFLPs detected per enzyme-probe combination between 
B30.A3.R.88 and each field isolate varied from 18 out of 309 
to 34 out of 3 07 (Table 4). Because each probe examined 
different locations in the genome, the fraction of enzymes 
detecting polymorphisms varied widely between probes (0/10 to 
9/10). A randomized complete block design was therefore 
adopted to analyze the relative polymorphism of the different 
field isolates with respect to the C-strain and the probes 
were used as blocks. Only one isolate, Hm648, showed a 
significant difference in the frequency of polymorphisms; it 
was less divergent from the C-strains than all the other 
field isolates. No isolate was significantly more divergent 
than the rest. 
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Table 4. Frequency of RFLPs between the C-strain B3 0.A3.R.88 
and 17 field isolates of C. heterostrophus 
Field isolate RFLPs/enzyme-probe combination^ 
Bumco6 27/309 
Dixon 32/306 
Haw213 28/309 
Hm28 26/252 
Hm402 28/309 
Hm404 24/307 
Hm540 31/307 
Hm648 18/309 
Hm653 25/309 
Hm813 27/309 
lAl 27/306 
IA2 34/307 
IA3 24/306 
IA4 30/307 
Mon2 26/308 
NYSSl 31/309 
PR9B 27/308 
^Total genomic DNA of 330.A3.R.88 and 17 field isolates 
were digested with either 7 (BamHI, EcoRI, EcoRV, Hindlll, 
PstI, PvuII and Xbal) or 10 (BamHI, EcoRI, EcoRV, Hindlll, 
PstI, PvuII, Smal, Sstll, Xbal and Xhol) restriction enzymes 
and hybridized with 37 probes from the pGEM2 and pBSM13+ 
libraries. 
45 
Hm540 was chosen as the field isolate parent because it 
was one of the most polymorphic strains and did not show 
segregation distortion when crossed to race T C-strains 
(Bronson, Taga and Yoder in press). Several other 
field isolates which were also very different in their DNA 
sequence from the C-strains were not chosen. These field 
isolates are either less studied than Hm540 or known to carry 
a locus causing segregation distortion at Toxl, i.e., Hm28, 
Hm402 and Hm653 (Bronson, Taga and Yoder in press). 
B30.A3.R.45 was selected as the C-strain parent because it 
has a complementary mating type and is different from Hm540 
at the phenotypic markers Toxl, Alhl and Cyhl. 
3.2 Identification of RFLPs in Parental Strains 
Three sources of probes were used to identify RFLPs 
between the two parents. Two of them were plasmid libraries 
of random nuclear DNA from the C-strains B30.A3.R.22 and 
B30.A3.R.45 in the pGEM2 and pBSM13+ vectors, respectively. 
The third source of probes was a cosmid library of total 
genomic DNA from the C-strain C3 in cosHygl. In general, 
total genomic DNA of B30.A3.R.45 and Hm540 was digested with 
18 restriction enzymes when plasmids were used as probes and 
10 restriction enzymes when cosmids were used as probes 
(Table 5). Seven plasmid probes were tested with 9 enzymes 
and 13 cosmid probes were tested with 5 enzymes. However, 
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Table 5. Frequency of RFLPs between the parental strains 
B30.A3.R.45 and Hm540 revealed with different 
restriction enzymes 
Restriction Percentage (%) of probes detecting RFLPs 
enzyme 
Plasmid^ Cosmid^ 
Apal 8.6 (5.5-13.0)C 11.6 (5.5-22.1)C 
BamEl 12.4 (8.6-17.4) 5.9 (1.9-15.1) 
Bgll 11.5 (7.9-16.4) 3,5 (1.6-12.9) 
SstEII 8.4 (5.3-12.9) 
EcoRI 10.7 (7.2-15.5) 13.2 (6.6-24.1) 
EcoRV 11.1 (7.5-16.0) 10.3 (4.3-21.8) 
HindiII 10.4 (6.9-15.1) 11.9 (5.7-22.7) 
Mlul 9.1 (5.9-13.6) 
Pstl 11.1 (7.5-15.9) 22.4 (13.5-34.5) 
Pvull 8.8 (5.6-13.3) 7.0 (2.3-17.8) 
Sail 8.4 (5.3-12.9) 
Seal 7.5 (4.6-11.8) 
Smal 9.1 (5.9-13.6) 
SstI 9.6 (6.3-14.2) 
Sstll 7.9 (4.9-12.3) 
Styl 9.3 (6.0-13.9) 8.6 (3.2-19.7) 
XJbal 10.5 (7.0-15.3) 
Xhol 8.8 (5.6-13.3) 0.0 (0-7.9) 
^Plasmids (247) were from the pGEM2 and pBSM13+ 
libraries. 
^Cosmids (70) were from the cosHygl library. The blank 
spaces indicate that the assays for these enzymes were not 
performed. 
^The numbers in the parentheses indicate 95% binomial 
confidence intervals (Fleiss 1981). 
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some enzyme-probe combinations were not scored because of 
faint or unclear banding patterns in the Southern blots. 
GDPl, Matl-1, rDNA and Trpl were also used to detect RFLPs 
between the two parents using 18 restriction enzymes. GDPl 
and Trpl did not detect RFLPs and were therefore not used for 
RFLP mapping. The Matl-1 clone was also not hybridized to 
restricted progeny DNAs because this clone is known to 
cosegregate with Matl (O. C. Yoder, Department of Plant 
Pathology, Cornell University, personal communication). 
Probes were classified into three categories based on 
their copy numbers in the genome of the two parents. In the 
Southern blots of Eindlll digested DNA from the two parents, 
DNA was considered single copy if it detected one band, 
moderately repetitive DNA if it detected 2 to 5 bands, and 
repetitive DNA if it detected more than 5 bands and/or 
hybridized very strongly to at least one band. The 
polymorphic loci identified by moderately repetitive DNA were 
designated by an "m" following the probe names. If more than 
one polymorphic locus was mapped, they were denoted by an "m" 
and a number following the probe name. Individual 
polymorphic bands identified by repetitive DNA were analyzed 
separately and designated by an "r" following the probe 
names. If more than one band was scored, those bands were 
designated by an "r" and a number following the probe name, 
e.g., B421rl, B421r2, B421r3 and B421r4. 
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3.2.1 Difference in the ability of different restriction 
enzymes to reveal RFLPs 
The variability between the parental strains at the 
recognition sites of different restriction enzymes was 
investigated to determine whether some enzymes detected RFLPs 
more efficiently. In humans, a higher frequency of RFLPs has 
been detected with restriction enzymes containing in 
their recognition sites. However, frequencies of RFLPs 
detected between the two parents with 18 restriction enzymes 
were not significantly different using the plasmid libraries 
as probes (Table 5). When compared as a group, restriction 
enzymes containing in their recognition sequence 
{Mlul, Sail, Smal, Sstll and Xhol) also did not reveal more 
RFLPs than the other restriction enzymes. When cosmids were 
used as probes, no significant differences were detected 
among 10 restriction enzymes except for the difference 
between PstI and Xhol. This is probably due to experimental 
error and does not reflect a difference in the variability at 
these restriction sites. The difference between these two 
enzymes was not significant using plasmids as probes with 
larger sample size (147 versus 70). 
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3.2.2 Difference in the ability of probes of various size to 
detect RFLPs and repetitive DNA 
The relationships between probe size and frequency of 
probes detecting RFLPs and repetitive DNA were investigated 
to determine which probe source, cosmids or plasmids, was 
more useful for detecting RFLPs in C. heterostrophus. The 
size of single copy number DNA and moderately repetitive DNA 
probes affected the frequency of RFLPs detected between the 
two parents; the larger the size, the higher the frequency 
(Table 6). 
The larger probes were also more likely to contain 
repetitive DNA. The cosmid probes, which had larger inserts, 
appeared more likely to contain repetitive DNA than the 
plasmid clones, which had smaller inserts. The clones 
containing repetitive DNA in pBSM13+ and cosHygl were 
detected by colony hybridization. About 8.8% (44 out of 500 
clones) in the pBSM13+ library and 15% (164 out of 1092 
clones) in the cosHygl library showed strong hybridization 
and were considered to contain repetitive DNA. Three clones 
in the pBSM13+ library considered to contain repetitive DNA 
were hybridized to digested genomic DNA to test the 
reliability of this method. All of the tested clones 
detected many bands. The frequency of repetitive DNA in 
clones of the pGEM2 plasmid library was estimated by 
observation of banding patterns in the hybridization of 
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Table 6. Relationship between probe size and frequency of 
probes and enzyme-probe combinations detecting 
RFLPs between the parental strains B30.A3.R.45 and 
Hm540 
Percentage (%) of^ 
Probe size Number 
(kb) of probes Probes^ Enzyme-probe^ 
detecting combinations 
RFLPs detecting RFLPs 
0-5 224 35 (28-41) 5 (4-6) 
5-10 23 48 (29-67) 6 (4-9) 
40-45 70 56 (46-63) 12 (9-14) 
®The numbers in the parentheses indicate the 95% 
confidence intervals for the binomial distribution (Fleiss 
1981). 
^Eighteen restriction enzymes were used when plasmids 
were used as probes; Ten restriction enzymes were used when 
cosmids were used as probes. 
^For probes not detecting deletions. If deletion probes 
are included, the values are 9, 11, 12 for 0-5, 5-10 and 40-
45 kb probes, respectively. 
restricted genomic DNA. Two out of 10 plasmids of 5-10 kb 
(20%) were considered to contain repetitive DNA; 31 out of 
170 (18%) plasmids of 0-5 kb were considered to contain 
repetitive DNA. 
The difference between the pBSM13+ and pGEM2 libraries 
in estimated repetitive DNA content is probably due to the 
different methods used for estimation. Some clones 
considered as low copy number based on colony hybridization 
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in fact contained repetitive DNA. About 4.6% of clones (6 
out of 13 0) considered as low copy number in pBSM13+ 
contained repetitive DNA. Others have also reported that 
colony hybridization is not sensitive enough to detect all 
repetitive DNA (Hulbert et ai. 1988; Figdore et al. 1988). 
Therefore, the amount of repetitive DNA was probably 
underestimated in the pBSM13+ and cosHygl library. The 
difference between the pGEM2 and pBSM13+ libraries is 
unlikely to be due to the difference in the genomes of 
B30.A3.R22 and B30.A3.R.45, because the strains are near-
isogenic. 
All tested clones containing repetitive DNA (42 out of 
42 clones) detected RFLPs with at least one restriction 
enzyme. Some of the RFLPs were in the major hybridizing 
bands while many of them were in faint bands. The banding 
patterns were usually too complicated to score individual 
RFLPs unambiguously. Since such clones can hybridize to many 
DNA fragments in the genome, they could assay many 
restriction sites. Therefore, it is not surprising that they 
can detect RFLPs more efficiently. This result is different 
from that in rice where single copy and multiple copy clones 
detected a similar amount of polymorphism (McCouch et ai. 
1988) . McCouch proposed that, in rice, the full complement 
of bands hybridized by multiple copy clones was not clearly 
distinguishable (McCouch et ai. 1988). 
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In conclusion, probes with larger size detected RFLPs 
more efficiently but had a higher probability of containing 
repetitive DNA. Since the repetitive DNA was easy to detect 
and discard, the cosmid probes, which contain larger inserts, 
should be better than plasmid probes for future efforts to 
detect RFLPs in C. heterostrophus. Repetitive DNA probes 
detected RFLPs more efficiently than low copy number DNA 
probes. However, most of them were not useful because of 
complicated banding patterns. 
3.2.3 Tvpe of DNA variation between the two parents 
Both DNA rearrangements and base substitutions can 
generate RFLPs. Gross structural rearrangements should be 
detected with many enzymes whereas base substitutions can 
only be detected with a few enzymes. To understand the type 
of DNA variation which caused the RFLPs between the two 
parents, the frequency of probes detecting various numbers of 
polymorphisms was measured as numbers of restriction enzymes 
detecting RFLPs (Figure 1). About 30% of cosmid probes and 
15% of plasmid probes detected RFLPs with only one out of 10 
and 18 restriction enzymes, respectively. The number of 
probes detecting RFLPs with more than one restriction enzyme 
declined sharply. This suggests that the variation in the 
DNA sequences between the two parents was primarily due to 
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NUMBER OF DETECTED RFLPs 
Figure 1. Frequency of probes detecting various numbers of 
RFLPs in the parental strains B3 0.A3.R.45 and 
Hm540 measured as numbers of enzymes with which 
polymorphisms are detected. The plasmid libraries 
in pGEM2 and pBSM13+, and a cosmid library in 
cosHygl were used as probes. Eighteen and 10 
restriction enzymes were used to analyze the 
plasmid and cosmid probes, respectively (Table 5) 
54 
random base substitution at the restriction sites. Deletions 
or insertions of a few bases, which destroy the recognition 
sequence of restriction enzymes but do not noticeably change 
the size of the restriction fragments produced by most other 
enzymes, could also cause this type of RFLP. Some probes 
(4.9% in the plasmid libraries, 4.3% in the cosmid library) 
detected RFLPs with almost every enzyme. Most of these 
plasmid probes hybridized to DNA of B30.A3.R.45 but not 
Hm540, indicating that the RFLPs for these probes might have 
been generated by insertions or deletions. 
3.3 Cross 
A cross, Tl, between B30.A3.R.45 and Hm540 was made to 
generate sexual progeny. Although Hm540 is more fertile than 
most other field isolates when crossed to the C-strains 
(Bronson, Taga and Yoder in press), the fertility of the 
cross between the two parents was still low. The average 
number of viable ascospores in asci containing at least one 
viable spore was 3.2. Asci containing no viable spores could 
not be distinguished from immature asci and were^hot counted. 
The fraction of asci carrying different numbers of viable 
ascospores is shown in Table 7. The majority of the asci 
contained 2 or 4 viable ascospores (41.3% and 42.8%, 
respectively); only 6.4% of the asci contained more than 4 
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Table 7. Fertility of cross T1 between B30.A3.R.45 and Hm540 
of C. heterostrophus 
Number of viable Number of asci % of asci 
spores in an ascus 
1 
2 
3 
4 
5 
6 
7 
8 
6 
57 
7 
59 
0 
2 
2 
5 
4 
41 
5 
43 
0 
1 
1 
4 
viable ascospores. In the asci with four viable ascospores, 
86% segregated 2:2 for alternative alleles at Toxl. Similar 
frequencies of four-spored asci segregating 2:2 for Toxl were 
reported by Bronson (1988). 
Segregations of four phenotypic markers, i.e., Cyhl, 
Alhl, Toxl and Matl were examined among the progeny and did 
not deviate from 1:1 ratios based on chi-square analysis 
(Appendix J). The segregations of Cyhl and Alhl were 
analyzed among all 416 progeny, although cycloheximide 
resistance tests on some progeny were ambiguous and were not 
recorded. For mating type and T-toxin production, one random 
progeny from each ascus and all progeny from asci with four 
viable spores were tested. 
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3.4 Construction of Linkage Groups 
3.4.1 Segregation of markers in the cross 
Segregation of 130 RFLP and 4 phenotypic markers were 
examined among 91 progeny. For some loci, less than 91 
progeny were analyzed because the Southern blots of some 
progeny could not be scored unambiguously. Marker B14 
and pChM A2-7, a mitochondrial DNA clone known to detect 
mitochondrial RFLPs between Hm540 and the C-strains (Garber 
and Yoder 1984), showed maternal inheritance (Appendix A). 
The detection of a probe showing maternal inheritance in the 
pBSM13+ library indicated mitochondrial contamination of the 
nuclear DNA preparations. The mitochondrial origin of B14 
was confirmed by its hybridization to a band corresponding to 
the mitochondrial chromosome separated from nuclear 
chromosomes by TAFE (Section 3.5). The mitochondrial 
chromosome was identified by hybridization of the 
mitochondrial clone, pChM A2-7, to the separated chromosome. 
The remaining markers were tested for Mendelian 
segregation by chi-square analysis with one degree of freedom 
(Table 8). Fifteen markers deviated from 1:1 segregation at 
P = 0.01 with an excess of the allele from B30.A3.R45. The 
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Table 8. Segregation of RFLP and phenotypic markers in the 
cross between B30.A3.R.45 and Hm540 
Locus Allele Locus Allele 
R.45 Hm540 R.45 Hm540 
Albl 35 52 1.86 C121 41 49 0.71 
Cyhl 42 49 0.54 C155 43 43 0 
Matl 46 45 0.01 C173 42 49 0.54 
rDNA 42 49 0.54 C188 38 53 2.47 
Toxl 44 47 0.10 C192r 45 44 0.01 
B4 38 52 2.18 C193 45 46 0.01 
B6 44 46 0.04 C206 42 40 0.05 
B21 41 50 0.89 C207 50 35 2.65 
B23 49 42 0.54 C210 49 42 0.54 
B43 40 51 1.33 C226 49 41 0.71 
B71 38 53 2.47 C246 43 45 0.05 
B84 49 42 0.54 C253 47 44 0.1 
BBS 43 48 0.27 C261 51 39 1.6 
B91 49 42 0.54 C270 40 51 1.33 
B107 37 54 3.18 G19 45 46 0.01 
B114rl 43 46 0.1 G29 51 40 1.33 
B114r2 58 31 8.19** G32m 42 48 0.4 
B120 42 48 0.4 G38 41 49 0.71 
B125 60 31 9.24** G86m 60 31 9.24** 
B149rl 49 42 0.54 G98rl 45 44 0.01 
B149r2 47 42 0.28 G98r2 51 35 2.98 
B149r3 35 51 2.98 G127 45 46 0.01 
B149r4 46 45 0.01 G131m 47 44 0.1 
B154 43 48 0.27 G144 43 37 0.45 
B160 46 45 0.01 G172 44 47 0.10 
B195 48 39 0.93 G188 60 31 9.24** 
B246 42 44 0.05 G199 50 41 0.89 
B257 60 31 9.24** G210-1 60 31 9.24** 
B2 64 46 45 0.01 G210-2 47 44 0.1 
B272 51 39 1.6 G213 37 54 3.18 
B277 45 46 0.01 G214 50 41 0.89 
B281 52 39 1.86 G235 36 55 3.97* 
B283 46 45 0.01 G237 35 49 2.33 
^The null hypothesis for the chi-square test is that two 
alleles segregate at a 1:1 ratio. 
*p <.05. 
**p <.01. 
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Table 8. (Continued) 
Locus Allele X2 Locus Allele 
R.45 Hm540 R.45 Hm54 0 
B285 42 49 0.54 G238rl 37 53 2.84 
B288m 60 31 9.24** G238r2 48 43 0.27 
B301 42 46 0.18 G238r3 47 43 0.17 
B312-1 60 31 9.24** G241 60 31 9.24** 
B312-2 47 44 0.1 G242 45 46 0.01 
B329 42 49 0.54 G264rl 44 47 0.1 
B339 40 51 1.33 G264r2 43 44 0.01 
B346m 36 55 3.97* G300 42 49 0.54 
B380 38 47 0.95 G308 60 31 9.24** 
B403 37 54 3.18 G309 40 51 1.33 
B405 40 51 1.33 G311 49 41 0.71 
B411 45 45 0 G349 48 43 0.27 
B416 41 50 0.89 G353ml 46 45 0.01 
B421rl 50 40 1.11 G353m2 43 48 0.27 
B421r2 46 44 0.04 G353m3 43 48 0.27 
B421r3 51 38 1.9 G384 43 48 0.27 
B421r4 44 45 0.01 G386 60 31 9.24** 
B429 44 46 0.04 G392-1 60 31 9.24** 
C3 45 42 0.1 G392-2 48 41 0.55 
C9 44 43 0.01 G395 40 51 1.33 
C28 39 50 1.36 G398 49 42 0.54 
C50 51 39 1.6 G401 42 49 0.54 
C53 45 44 0.01 G419 42 46 0.18 
C60 35 56 4.85 G431-1 60 31 9.24** 
C64 44 45 0.01 G431-2 47 44 0.1 
C67 42 48 0.4 G444 36 55 3.97* 
C70 36 40 0.21 G449m 29 28 0.02 
C72 47 43 0.18 G451 52 35 3.32 
07 4 45 40 0.29 G452m 60 31 9.24** 
C76 56 35 4.85* G463 51 40 1.33 
C84 38 53 2.47 G471 36 55 3.97* 
C116 46 40 0.42 G492 60 31 9.24** 
C113 46 45 0.01 G508 45 46 0.01 
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interpretation of this result will be given in Section 3.6. 
Five markers (B346m, C76, G235, G444 and G471) deviated from 
1:1 segregation at P = 0.05 in favor of the allele of Hm54 0. 
The distorted segregation of five markers at P = 0.05 might 
be due to statistical error; 7 normally segregating markers 
(5% of 132) are expected to test as though not segregating 
1:1 at P = 0.05. Another possible explanation for these 
deviations is that these markers might be linked to loci that 
cause segregation distortion. A locus causing segregation 
distortion has been reported linked to Toxl in several other 
field isolates (Bronson, Taga and Yoder in press). 
3.4.2 Linkage analysis 
A total of 128 RFLP and 4 phenotypic markers were used 
to construct the map (Figures 2, 3 and Table 9). Linkages 
not confirmed by chromosome hybridization (see section 3.5) 
are not shown. Linkage analysis was performed by calculating 
the chi-square values for the null hypothesis that two 
markers were unlinked (Appendix B). Linkages significant at 
P = 0.05 (two sided test) are indicated as hollow lines in 
the map; linkages significant at P = 0.025 (two sided test) 
are indicated as solid lines. Of 132 markers, 126 were 
linked to at least one other marker. These markers were 
distributed over 27 linkage groups. A total of 120 markers 
whose chromosome locations were determined by chromosome 
Figure 2. A linkage map of the nuclear genome of C. heterostrophus based on RFLP 
and phenotypic markers. The hollow lines indicate linkages significant 
at P = 0.05; the solid lines indicate linkages significant at F = 0.025. 
Linkages not confirmed by chromosome hybridization (see section 3.5) are 
not shown. Only markers whose chromosome locations were determined were 
included in the map. The map units are listed on the left of or below 
the linkage lines. Marker names are generally listed on the right. The 
dashes across the linkage lines indicate the location of markers; half-
dashes indicate markers that exist in these locations in only one parent. 
RFLP markers identified by probes from the pGEM2 library, the pBSM13+ 
library and the cosHygl library begin with G, B and C, respectively. 
Probes hybridizing to different places in the two parents are denoted by 
a dash and number following the probe name. The symbol "-1" and "-2" 
indicates the location of these markers in 330.A3.R.45 and Hm540, 
respectively. Probes containing moderately repetitive DNA and repetitive 
DNA are designated by an "m" and "r", respectively. Linkage groups were 
assigned a Roman number (and an "a" or "b") based on the chromosome to 
which it was assigned. When more than one linkage group was assigned to 
one chromosome, each of these linkage groups was designated by an dash 
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Figure 3. Detail of linkages around Toxl. Symbols are the 
same as in Figure 2. Four RFLPs tightly linked to 
Toxl are not indicated in this map. These markers 
were identified by either moderately repetitive or 
repetitive DNA and their chromosomal locations 
could not be determined. Distances to Toxl are 1 
cM for C192r, 1 cM for G98rl, 3 cM for G238r3 and 
3 cM for G353m2 
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Table 9. RFLPs identified by moderately repetitive and 
repetitive DNA around Toxl 
Distance (cM) from 
RFLP^ Location 
Toxl B88 
B149r4 13.2 12.1 B30.A3 .R.45 
C192r 1.1 2.2 B30.A3 .R.45 
G98rl 1.1 2.2 B30.A3 .R.45 
G131m 12.1 11.1 Hm540 
G238r3 3.3 4.4 Hm540 
G264rl 0.0 1.1 B30.A3 .R.45 
G353ml 13.2 12.1 B3 0.A3 .R.45 
G353m2 3.3 2.2 Hm540 
& Hm540 
& Hm540 
aiir" indicates the RFLPs identified by repetitive DNA 
and "m" indicates RFLPs identified by moderately repetitive 
DNA. The chromosomal locations of C192r, G98rl, G238r3 and 
G353m2 are not known. All of these moderately repetitive and 
repetitive DNA mapped to different points. All the 
repetitive DNA hybridized to most chromosomes. 
hybridization or/and linkage analysis (section 3.5) were 
included in the map. These markers totalled 944 cM. Each 
linkage group was assigned a Roman number (and an "a" or "b") 
based on the chromosome to which it was eventually assigned 
(see Section 3.5). When more than one linkage group was 
assigned to one chromosome, each of these linkage groups was 
designated by an Arabic extension. The distribution of 
lengths of significant linkages is indicated in Figure 4. 
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15 20 25 
MAP DISTANCE (cM) 
Figure 4. Frequency of various distances between linked 
markers in the genetic map of C. heterostrophus 
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About 90% of the linkages were less than 2 9 map units. The 
average distance between any two adjacent markers was about 
15 map units. 
Several RFLPs identified by moderately repetitive and 
repetitive DNA, i.e., B421r2, B421r4, C192r, G98rl, G238r3 
and G353m2, were not included in the map and were not used to 
calculate the total map distance because they hybridized to 
many chromosome bands and therefore their chromosome location 
could not be determined. Of these markers, B421r2 was linked 
to B421r4 by 3 cM but neither was linked to other markers. 
The rest of them were linked to Toxl but their order relative 
to the other markers in that region could not be determined. 
Their distances from Toxl are listed in Table 9. 
Statistical tests indicated that a total of 129 pairs of 
markers had distances significantly greater than 50 cM at P = 
0.05 (Appendix B). Distances between the majority of them 
(101 out of 129 pairs of markers) were not significantly 
different from 50 cM at P = 0.01. Only 5 pairs of markers 
had distances significantly different from 50 cM at P = 0.005 
and none of the three distances differed significantly from 
50 CM at P = 0.001. Since the total number of pairwise 
comparisons among 132 markers is 8778 and the chi-square 
analysis is a two-sided test, number of pairs of markers 
which have distances significantly greater than 50 cM but are 
actually unlinked are expected to be 219 at P = 0.05, 44 at P 
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= 0.01 and 4 at P = 0.001. Therefore, the majority or all of 
the significant tests indicating linkage greater than 50 map 
units could be due to statistical error, rather than some 
kind of novel chromosome rearrangements. 
Similarly, not all significant linkages less than 50 map 
units are likely to be real. Among 451 pairs of markers that 
had distances significantly less than 50 cM at P = 0.05, 69 
(219 expected) were located on different chromosomes (linkage 
confirmation is shown in Section 3.5). Of these pairs, 6 had 
significant linkage at P = 0.01 (44 expected) and none had 
significant linkage at P = 0.001 (4 expected). Therefore, 
based on the calculation above, many of the significant 
linkages at P = 0.05 and P = 0.01 between markers on 
different chromosomes could also be due to statistical error. 
3.4.3 RFLPs identified bv different types of probes 
Most single copy DNA probes used for making this map 
detected one locus (Figure 5a) and mapped to the same 
location in the genomes of both parents. RFLPs detected by 
four single copy DNA probes, B312, G210, G3 92 and G431, 
mapped to different locations in the two parents. The 
homologous restriction fragments identified by these probes 
segregated independently (Figure 5b). Some progeny inherited 
both types of restriction fragments, some progeny inherited 
one and some progeny inherited neither. The locations of 
Figure 5. Different classes of RFLPs and their segregation 
in progeny. (a) RFLP identified by a single 
copy DNA probe (G471). (b) RFLP identified by a 
single copy DNA probe located in different 
places in the two parental strains (G210). (c) 
RFLP identified by a single copy DNA probe that 
has no homolog in Hm540 (G241). (d) RFLPs 
identified by a repetitive DNA probe (G238). B: 
B30.A3.R.45, H: Hm540 
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these probes were denoted by a dash and number following the 
probe names. The symbol "-1" indicates the location of these 
probes in B30.A3.R.45 and the symbol "-2" indicates the 
location of these probes in Hm540; e.g., G210-1 and G210-2 
indicate the map location of G210 in B30.A3.R.45 and Hm540, 
respectively. These four probes mapped to the same point in 
B30.A3.R.45 (Linkage Group [LG] Xlllb). In Hm540, B312, G210 
and G431 mapped to the same point (LG IV-2) whereas G392 
mapped to LG IXa-1. This suggests an insertional 
translocation between the two parents. Since no crossovers 
between these markers were found, these two homologous 
regions probably did not pair with each other during meiosis. 
A total of 11 probes (B125, B257, B288m, G86m, G188, 
G241, G308, G309, G386, G452m and G492) hybridized to 
B30.A3.R45 but did not hybridize or hybridized very faintly 
to Hm540 (Figure 5c). Similar null alleles have been 
reported in lettuce (Landry et al. 1987a), rice (McCouch et 
ai. 1988) and potato (Gebhardt et ai. 1989). All of these 
probes, except G309, mapped to the same point as G210, G392, 
G431, G312 and B114r2 did in B30.A3.R.45 (LG Xlllb) and are 
preferentially inherited by the progeny. The deletion probe 
G309 mapped to a different place in the genome of B30.A3.R.45 
(LG II-2) and segregated normally. 
Probes containing moderately repetitive DNA were also 
analyzed (Southern blots not shown). Some moderately 
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repetitive DNA clones detected only one polymorphic locus 
whereas the other clones identified more than one. G131 
identified one locus in B30.A3.R.45 and two loci in Hm540. 
The locus present in the two parents was not polymorphic; the 
locus present only in Hm540 mapped to the same point as B312-
2, G210-2 and G431-2. G353 identified two loci in 
B30.A3.R.45 and three loci in Hm540; all of them were 
polymorphic. The three polymorphic loci were G353ml, G353m3 
(LG IV-2, LG III-l) located in both parents and G353m2 (LG 
IV-2 or VI-1) located in Hm540 only. 
Nine clones, B114, B131, B149, B421, C192, G98, G238, 
G264 and G449, which contained repetitive DNA yet had at 
least one easily scorable banding pattern (Figure 5d), were 
used as probes. The polymorphic bands identified by a 
repetitive DNA clone usually mapped to different locations in 
the two parents. However, four polymorphic bands identified 
by B421 were linked to each other. B421rl and B421r3 were 
linked by 1 cM and mapped to linkage group III-l; B421r2 and 
B421r4 were linked by 3 cM but not linked to other markers. 
Since B421 hybridized to many chromosome bands, we could not 
identify the chromosomal location of B421r2 and B421r4. 
These two markers were therefore not included in the linkage 
map (Figure 2) and confirmed map (Figure 10 in Section 3.6). 
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3.5 Confirmation of Linkage Assignments 
The linkage assignments were confirmed by hybridizing 
separated chromosomes of C. heterostrophus with the probes 
used for making the RFLP map. Chromosomes of C. 
heterostrophus were separated using pulsed field gel 
electrophoresis; both TAFE and CHEF systems were employed. 
Since chromosomes of different size could not be resolved 
under the same conditions, different combinations of 
switching time and strength of electric field were used in 
both TAFE and CHEF electrophoresis to resolve the chromosomes 
(Figure 6). Thirteen bands were resolved in B30.A3.R.45 and 
twelve in Hm540. The banding patterns from four different 
preparations of B3 0.A3.R.45 chromosomes were the same, as 
were two different preparations of Hra540 chromosomes. 
Some chromosomes migrated with similar speed as a broad 
band and could not be clearly resolved. These chromosomes 
could be distinguished unambiguously by the fact that probes 
on one linkage group always hybridized to the lower part of 
the band whereas probes on the other linkage group always 
hybridized to the upper part of the band. The banding 
patterns of chromosomes in the two parents were very 
different. Each identified band was assigned an Arabic 
numeral designation in ascending order from the largest to 
the smallest. The chromosome bands in Hm540 have an "H" 
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Figure 6. Chromosomes of C. heterostrophus strain 
B30.À3.R.45 (B), Hm540 (H), S. cerevisiae (S) and 
S. pombe (P) separated by TAPE and CHEF 
electrophoresis. (a) Separation of smaller 
chromosomes by TAFE. The separation conditions 
were 0.9% agarose, 9 C, 60 mA, 4 sec switching 
interval for 30 min and then 10 min switching 
interval for 110 hr. (b) Separation of larger 
chromosomes by TAFE. The separation conditions 
were 0.9% agarose, 9C, 45 mA, 4 sec switching 
interval for 30 min, then 15 min switching 
interval for 72 hr and 20 min switching interval 
for 72 hr. (c) Separation of chromosomes with 
intermediate size by CHEF electrophoresis. The 
separation conditions were 0.9% agarose, 11 C, 80 
V, and 11 min switching interval for 141 hr 
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Table 10. The sizes of chromosomes of B30.A3.R.45 and Hm540 
in separated chromosome bands^ 
B30.A3 .R.45 Hm540 
Band Size Band Size 
(Mb) (Mb) 
1 3.7 HI 3.3 
2 3.6 H2 3.2 
3 3.1 H3 2.7 
4 2.6 H4 2.4 
5 2.5 H5 2.2 
6 2.3 H6 2.1 
7 2.2 H7 2.0 
8 2.0 H8 1.9 
9 2.0 H9 1.9 
10 1.9 HID 1.8 
11 1.9 Hll 1.7 
12 1.5 H12 1.4 
13 1.3 
^The chromosome bands were separated by TAPE. Sizes of 
the chromosomes were estimated using the chromosomes of S. 
cerevisxae and S. pombe as size markers (Mortimer and Schild 
1985; Fan et al. 1988). The mobilities of the smallest 
chromosome of S. pombe and two largest chromosomes of S. 
cerevisiae were plotted on a semilog chart against the 
logarithm of their molecular weights. The mobility of each 
chromosome of B30.A3.R.45 and Hm540 was then interpolated to 
estimate its size. 
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preceding the Arabic number. The sizes of the chromosomes in 
each band were estimated using the chromosomes of S. 
cerevisiae (Beckman, Palo Alto, CA) and Schizosaccharomyces 
pombe (Beckman, Palo Alto, CA) as size standards (Table 10). 
The two largest chromosomes of S. cerevisiae has been 
estimated to be 1.6 and 1.3 Mb (Mortimer and Schild 1985); 
the two smallest chromosomes of S. pombe has been estimated 
to be 3.5 and 4.6-4.7 Mb (Fan et al. 1988). 
The mitochondrial chromosome migrated faster and 
separated from the nuclear chromosomes as a diffuse band 
(Figure 6). A mitochondria specific probe, pChM A2-7, 
hybridized to the diffuse mitochondrial band establishing its 
identity (data not shown). Since the mobility of circular 
DNA is independent of switching interval (Hightower, Metge 
and Santi 1987; Skatrud and Queener 1989), it is impossible 
to estimate the size of mitochondrial chromosome based on its 
mobility in the gel. The size of the mitochondrial genome 
has been estimated to be 115 kb by restriction mapping 
(Garber and Yoder 1984). 
The probes used for making the RFLP map were hybridized 
to the separated chromosomes in order to confirm the linkage 
assignments and to associate unlinked markers and small 
linkage groups with the large linkage groups (Figures 7, 8 
and Table 11). Two markers on both ends of each large 
linkage group and at least one additional marker on those 
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Figure 7. Hybridization of separated chromosomes of C. 
heterostrophus with probes used for making the 
RFLP map. (a) Ethidium bromide stained TAFE gel. 
The conditions for chromosome separation were 1% 
agarose, 11 C, 60 mA, 4 sec switching interval for 
30 min and then 10 min switching interval for 110 
hrs. (b) Hybridization of chromosomes in gel 
in (a) with probe G451. (c) Hybridization of 
chromosomes in gel in (a) with probe G392. The 
chromosome bands are the same as in Figure 6a 
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Figure 8. Schematic depicting the hybridization patterns of 
probes to the separated chromosome bands of the 
two parents B30.A3.R.45 and Hm540. The banding 
patterns were drawn based on the most resolved 
regions of the three gels in Figure 6. Chromosome 
bands which were hybridized by the same set of 
probes are indicated by the same pattern. (a) 
Patterns of probes that hybridize to one band in 
each parent. (b) Patterns of probes that 
hybridize to bands of the chromosomes involved in 
the reciprocal translocation associated with Toxl. 
(c) Patterns of probes that hybridize to one band 
in one parent and two bands in the other parent 
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Table 11. Hybridization of probes to separated chromosome 
bands of C. heterostrophus^ 
Chromosome band Chromosome band 
Probe Probe 
R45 Hm540 R45 Hm540 
GPDl 12 H12 C155 5 H4 
Matl 10 H9 C173 1 or 2 H2 
rDNA 9 H8 C188 1 H2 
Trpl 10 H9 C192r M M 
B4 5 H4 C193 12 H12 
B21 12 H12 C207 9 H3 
B23 10 Hll C270 10 Hll 
B43 4 HIO G19 12 H12 
B71 5 H4 G29 9 H3 
B84 2 H2 G32m 6 H5 
B88 6 HIO G38 3 Hl 
B91 3 HI G98r M M 
B107 1 or 2 H2 G127 5 H4 
B149r M M G131m — — H5 
B160 4 HIO G144 7 H6 
B195 7 H6 G172 2 H2 
B246 9 H3 G199 11 HIO 
B264 1 H2 G210 13 H5 
B272 3 HI G213 10 Hll 
B277 3 HI G214 5 H4 
B283 3 HI G235 13 H12 
B285 10 H9 G237 5 H4 
B301 7 H6 G238r M M 
B339 8 H7 G242 9 H3 
B346m 6 H5 G264r M M 
B380 6 H5 G300 10 Hll 
B416 12 H12 G308 13 — 
B403 8 H7 G309 2 — 
B421r M M G311 3 Hl 
B429 3 HI G349 6 H5 
^The chromosomal locations of markers were determined by 
hybridization to the electrophoretically separated 
chromosomes. Some markers were present only in one parent; 
II—II indicates that they are absent in those strains. M 
indicates that these probes hybridized to most chromosome 
bands. 
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Table 11. (Continued) 
Probe 
Chromosome band 
Probe 
Chromosome band 
R45 Hm540 R45 Hm54 0 
C3 13 H12 G353m 4,3 H1,H5,H10 
C28 2 H2 G384 3 HI 
C50 1 H2 G392 13 H3 
C53 8 H7 G395 4 HIO 
C60 6 H5 G398 11 HIO 
C64 9 H3 G419 10 H9 
CI 2 10 Hll G451 11 HIO 
C84 8 H7 G463 9 H8 
C113 8 H7 G471 7 H6 
C116 5 H4 G508 1 or 2 H2 
linkage groups were hybridized to the separated chromosomes. 
To distinguish two chromosomes in a broad band, probes 
representing the two chromosomes were hybridized to the same 
membranes and their hybridization positions compared. Any 
ambiguous hybridizations were repeated. Different 
preparations of chromosomes were hybridized with five probes 
located in different linkage groups and no noticeable 
differences in the hybridization patterns were detected among 
the different preparations. All tested probes which did not 
show maternal inheritance hybridized to the nuclear 
chromosomes. Several cloned genes of known function, i.e., 
Trpl, Matl, and GPDl from C. heterostrophus, were also 
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hybridized to chromosome bands. No RFLPs were identified 
using Trpl and GPDl as probes; therefore, the position of 
these cloned genes relative to other RFLP markers in the map 
could not be determined. 
Several other differences in the arrangement of linkage 
groups between B30.A3.R.45 and Hm540 were also confirmed. 
The probes that mapped to different linkage groups in the two 
parents also hybridized to nonhomologous chromosomes (Figure 
8). For example, G392 mapped to linkage group IXa-1 (Figure 
2) and hybridized to chromosome H3 in Hm540 (Figure 7), 
whereas it mapped to one of the smallest linkage groups, 
Xlllb (Figure 2), and hybridized to the smallest chromosome, 
13, in B30.A3.R.45 (Figure 7). 
Two cosmid probes, i.e., C28 and C53 hybridized to both 
mitochondrial and nuclear chromosomes. This may indicate 
that these chromosomes share some homology. However, it is 
also possible that some mitochondrial DNA was ligated to 
nuclear DNA during insertion into the cosmid vector. 
Chromosomes of five progeny from this cross were also 
separated to facilitate the study of chromosome number, 
chromosome pairing and gene order in the map (Figure 9). The 
chromosome banding patterns of progeny were different from 
the parents and each other. Several new chromosome bands in 
the progeny were found and presumably due to the 
recombination between parental chromosomes of different size. 
80 
(a)  (b) 
H B H B 
a 4d( ^  emi 
Figure 9. Electrophoretic karyotypes of five progeny from 
cross T1 between B30.A3.R.45 and Hm540. (1) 
T1.A3.3.1 (2) T1.P2.1.1 (3) T1.P5.2.1 (4) 
T1.A20.9.1 and (5) T1.P8.2.1. (a) Separation of 
smaller chromosomes by TAPE. The separation 
conditions were 0.9% agarose, 8 C, 60 mA, 4 sec 
switching interval for 30 min, then 10 min 
switching interval for 72 hr and 9 min switching 
interval for 68 hr. (b) Separation of larger 
chromosomes by TAPE. The separation conditions 
were 0.9% agarose, 8 C, 45 mA, 4 sec switching 
interval for 30 min, then 15 min switching 
interval for 72 hr and 20 min switching interval 
for 72 hr 
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3.6 Model for the Genome Organization of C. heterostrophus 
A model for the genome organization of C. heterostrophus 
is shown in Figure 10. This model was deduced from the 
linkage analysis and hybridization of probes to separated 
chromosomes of the two parents and some of the progeny. 
Linkages not confirmed by chromosome hybridization are not 
shown in the map. 
3.6.1 Pairing of chromosomes associated Toxl locus 
A cross-shaped linkage, which suggests a reciprocal 
translocation, was detected associated with Toxl in the cross 
of B3 0.A3.R.45 (TOXl) and Hm540 {toxl) (Figure 3). This 
result supports the previous hypothesis that toxl (race O) 
strains and TOXl (race T) strains differ by a reciprocal 
translocation and that this translocation is tightly linked 
to Toxl (Bronson 1988). The translocation was verified by 
hybridizing separated chromosomes with probes distributed on 
the chromosomes involved in the translocation, e.g., B88, 
G395, G349 and G353 (Figure 8b and Table 11). In 
B30.A3.R.45, B88 and G349 hybridized to chromosome band 6, 
and G395 and G353 hybridized to chromosome band 4. In Hm540, 
B88 and G395 hybridized to chromosome band HIO, and G349 and 
G353 hybridized to chromosome band H5. 
The precise arrangement of B88, Toxl and the 
translocation breakpoint could not be determined 
Figure 10. The proposed genetic map of C. heterostrophus. The thin lines represent 
the chromosomes of B30.A3.R.45; the dashed lines represent the 
chromosomes of Hm540. The dots by the markers indicate that these 
markers have been hybridized to separated chromosomes. Two cloned 
genes, Trpl and GPDl, were assigned to chromosomes based on chromosome 
hybridization. Their map locations relative to other markers are 
unknown. The notations of other symbols are the same as in Figure 2. 
Linkages not confirmed by chromosome hybridization are not shown 
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unequivocally by linkage analysis due to their tight linkage. 
However, the information is very important because BBS might 
be a useful marker for chromosome walking to clone Toxl. The 
relative distance of BBS and Toxl to the breakpoint was 
determined by C. R. Bronson using the method of Perkins 
(1974). Ninety-one progeny used to make this map were 
crossed to both the TOXl C-strains (B30.A3.R.1 and 
B3 0.A3.R.65) and the toxl C-strains (B30.A3.R.B5 and 
B30.A3.R.87). The relative fertility of each progeny in the 
homozygous {TOXl x TOXl or toxl x toxl) and heterozygous 
{TOXl X toxl or toxl X TOXl) crosses was determined by 
comparing the number of viable ascospores per ascus in both 
crosses. All the progeny with the allele toxl were more 
fertile when crossed to the toxl C-strains; all the progeny 
with the allele TOXl were more fertile when crossed to the 
TOXl C-strains. Since crosses heterozygous for 
translocations are less fertile than homozygous crosses, this 
result suggested that no crossing-over had occurred between 
Toxl and the breakpoint of the translocation. Therefore, if 
the rearrangement associated with Toxl is a translocation, as 
our data suggests, the one crossing-over event observed in 
cross T1 between BBS and Toxl probably took place between BBB 
and the breakpoint, and Toxl is closer to the breakpoint. 
The location of the crossing-over between BBB and Toxl 
was verified. The chromosomes of the TOXl progeny T1.A20.9.1 
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(TOXl, ALBl, CyhlS, MATl-2), which has a crossover between 
Toxl and B88, were separated and hybridized with B88, G210, 
G349 and G395. In B30.A3.R45, the TOXl parent, B88 and G349 
are on the same chromosome; in Hm540, the toxl parent, G210 
and G349 are on the same chromosome. Therefore, if the 
crossover had occurred between the breakpoint and Toxl, B88 
and G349 should have been on different chromosomes in the 
TOXl progeny (Figure 11). Since B88 and G349 hybridized to 
the same chromosome in T1.A20.9.1 and the chromosome was 
different from the one to which G210 and G395 hybridized, the 
crossover between B88 and Toxl did not occur between the 
breakpoint and Toxl. It therefore is concluded that the 
crossover occurred between B88 and the breakpoint, and Toxl 
is probably closer to the breakpoint than B88. 
Several RFLPs identified by single copy DNA and 
moderately repetitive DNA, i.e., B88, B312-2, G131m, G210-2, 
G349, G353ml, G353m2 and G431-2, were tightly linked to the 
pathogenicity gene, Toxl (Figure 3). Among them, G131m, 
B312-2, G431-2 and G210-2 are located only in Hm540 at that 
point. Therefore, half of the RFLPs around Toxl identified 
by single copy and moderately repetitive DNA probes were due 
to an insertion in Hm540 or deletion in B30.A3.R.45. 
Several RFLPs identified by repetitive DNA, i.e., 
B149r4, C192r, G98rl, G238r3 and G264rl, also clustered 
around Toxl (Table 9). This is 33% (5 out of 15) of the 
Figure 11. Segregation of chromosomes involved in a 
reciprocal translocation and the expected 
linkages among B88, G210, G349 and G395 in TOXl 
progeny if a crossover had occurred between Toxl 
and the breakpoint of the translocation. (a), 
(b), (c), and (d) indicate four possible 
chromosomal locations of Toxl 
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RFLPs identified by repetitive DNA. The two chromosomes 
associated with Toxl contain approximately 4.0 - 4.9 Mb, or 
only about 10 - 13% of the genome. This discrepancy may 
reflect statistical error. However, the apparently high 
frequency of RFLPs identified by repetitive DNA around Toxl 
may indicate a high content of repetitive DNA in this area. 
This might have something to do with the reciprocal 
translocation. Recombination between repeated genes on 
nonhomologous chromosomes has been shown to cause chromosome 
translocations (Jinks-Robertson and Petes 1986). 
The apparently high content of repetitive DNA in this region 
might also suppress recombination. An unusually high 
number of RFLPs (five) were tightly linked to Toxl (less than 
3 cM). JOHN and King (cited in Rees and Durrant 1986) 
reported that no chiasmata formed in some repetitive segments 
in heterochromatic regions and proposed that repetitive DNA 
might suppress recombination. 
3.6.2 Pairing of other chromosomes 
Some probes used to make the RFLP map hybridized to one 
chromosome band in one parent but to two different chromosome 
bands in the other parent (Figure 8b, 8c). In addition to 
the chromosomes involved in the reciprocal translocation at 
Toxl, there were five such sets of chromosome bands. This 
could be due to either incomplete chromosome separation or 
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chromosome rearrangements which cause pairing of one 
chromosome with two chromosomes. 
Further analysis demonstrated that these results were 
most likely due to incomplete chromosome separation. Two 
chromosomes which migrated as a single band were identified 
in bands 13 and H12 based on analysis of the segregation of 
these bands among the progeny and hybridization of probes to 
the progeny chromosomes. More than one chromosome in band 13 
and H12 was suspected by the observation of progeny (progeny 
1 and 5 in Figures 9 and 12) which carried three bands 
similar in size to bands 12, 13 and H12. If each of the 
bands in the parents had contained only one chromosome, those 
progeny must have inherited chromosomes in band 12 and 13 of 
B30.A3.R.45 and their homologous chromosome in band H12 of 
Hm540. If so, all the markers on these three chromosomes 
should have been present in duplicate in these two progeny. 
However, none of the progeny carried duplications for these 
markers. One possible interpretation is that both chromosome 
band H12 and 13 contained two chromosomes. The pairing 
pattern and meiotic segregation of these chromosomes are 
diagrammed in Figure 13. 
This model was tested by hybridizing chromosomes of 5 
progeny with probes which hybridized to the band 12, 13 and 
H12. B416, G235 and G210 were used and their hybridization 
patterns are shown in Figure 12. The hybridization patterns 
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B30.A3.R.4S HmS40 
Progeny 
1 2 3 4 5 
Figure 12. Hybridization of small chromosomes of five 
progeny (Figure 10) with probes B416 iimimiiim , 
G210 and G235 
91 
B30.A3.R.4S Hm540 
Progeny 
Figure 13. Model for the segregation of homologous 
chromosomes in band H12 in Hm540 and chromosomes 
in bands 12 and 13 in B30.A3.R.45. Eight types 
of progeny are produced. Homologous chromosomes 
are indicated by the same patterns. B416 is 
located on mimiuiim ; G210 is located on ; G235 
is located on mmm 
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of chromosomes of progeny 1 and 5 were the same as that of 
hypothesized progeny I; the hybridization patterns of 
chromosomes of progeny 3 and 4 were the same as 
that of hypothesized progeny V; the hybridization pattern of 
chromosome of progeny 2 was the same as that of hypothesized 
progeny VII (Figures 12, 13). This suggests that G235 and 
B416 are located on two different chromosomes in band H12 of 
Hm540, whereas G210 and G235 are located on two different 
chromosomes in band 13 of B30.A3.R.45. The presence of two 
chromosomes in band 13 was further suggested by the 
resolution of two bands in this region (Figure 9); 
hybridization to confirm their identity has not yet been 
performed. 
Since we did not know which chromosome is bigger in a 
single band, chromosomes were designated by the same 
chromosome number followed by an "a " or " b". The 
chromosome in B30.A3.R.45 carrying G235, G444 and C3 is 
designated 13a; the chromosome in B30.A3.R.45 carrying 15 
markers absent in Hm540 at that locus is designated 13b; H12a 
is the chromosome in Hm540 carrying B416, etc.; H12b is the 
chromosome in Hm540 carrying G235, G444 and C3. 
Other cases in which probes hybridized to one band in 
one parent but to two bands in the other parent are also 
likely due to incomplete chromosome separation. If a 
chromosome had paired with more than one homologous 
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chromosome during meiosis, one quarter of the progeny should 
have duplicate copies of the markers from the chromosomes 
whose centromere did not pair (Figure 14). Duplications in 
N. crassa, which is closely related to C. heterostrophus, are 
not lethal (Perkins 1974). Duplications of some markers 
(B312, G210, G392, G431) have been seen in 30% of the progeny 
and have no obviously deleterious effect as measured by 
growth rate. Therefore, the progeny carrying duplications 
most likely, in general, survive. However, none of the 91 
progeny analyzed showed the duplication of any other markers. 
This suggests that incomplete chromosome separation is a more 
likely explanation. 
Information about the total linkage distance in each 
chromosome band also supports the interpretation of 
incomplete chromosome separation. If bands 9, 10, H2 and HIO 
are presumed to be single chromosomes, the kb/cM ratio for 
each chromosome would tend to be lower than that for 
chromosomes in other bands (Table 12). This also suggests 
that those bands contained two chromosomes. The chromosome 
pairing between the two parents is therefore most likely as 
shown in Figure 10. 
3.6.3 B chromosome 
Chromosome 13b appears to be a B chromosome, that is, an 
extra chromosome without any essential function (Rieger, 
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Figure 14. Proposed meiotic segregation in a cross in which 
one chromosome from one parent pairs with two 
chromosomes from the other parent. Four possible 
types of progeny are produced 
Table 12. Estimates of the sizes, map lengths and kb/cM ratios of the proposed 
chromosomes of the parental strains B30.A3.R.45 and Hm540^ 
B30.A3. R.45 Hm540 
Chromosome Size Map length kb/cM Chromosomome Size Map length kb/cM 
(Mb) (CM) (Mb) (CM) 
3.7 > 91 41 HI . 3.3 >176 19 
2^ 3.6 > 77 47 H2a& 3.2 > 91 35 
3 3.1 >176 18 H2b& 3.2 > 77 42 
4 2.6 > 86 30 H3 2.7 >143 19 
5 2.5 >197 13 H4 2.4 >197 12 
6 2.3 >140 16 H5 2.2 >154 14 
7 2.2 >104 21 H6 2.1 >104 20 
8 2.0 > 93 22 H7 2.0 > 93 22 
9a 2.0 >143 14 H8 1.9 > 58 33 
9b 2.0 > 58 34 H9 1.9 > 77 25 
10a 1.9 >113 17 HlOa 1.8 > 83 22 
^The chromosomes were separated by TAPE. Sizes of the chromosomes were 
estimated using the chromosomes of S. cerevisiae and S. pombe as size markers. The 
mobility of the two smallest chromosome of S. pombe and the two largest chromosomes 
of S. cerevisiae were plotted on a semilog chart against the logarithm of the 
molecular weight of these chromosomes (MORTIMER and SCHILD 1985; FAN et ai. 1988). 
The mobility of each chromosome of B30.A3.R.45 and Hm540 was then interpolated to 
estimate the chromosome size. 
Three unlinked markers hybridized to either chromosome 1 or 2 and either H2a 
or H2b. The map lengths of these chromosomes may therefore be longer than 
indicated. 
Table 12. (Continued) 
B30.A3. R.45 Hm540 
Chromosome Size Map length kb/cM Chromosomome Size Map length kb/cM 
(Mb) (CM) (Mb) (CM) 
10b 1.9 > 77 25 HlOb 1.8 > 72 25 
11 1.9 > 83 23 Hll 1.7 >113 15 
12 1.5 > 68 22 H12a 1.4 > 68 21 
13a 1.3 > 40 33 H12b 1.4 > 40 35 
13b(B) 1.3 
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Michaelis and Green 1976). Hm540 and one third of the 
progeny did not carry chromosome 13b, although Hm540 and some 
(16/31) of the one-third progeny carried DNA complementary to 
a small part (4 out of 15 markers) of this chromosome. In 
addition, no obvious growth rate or morphological differences 
were detected associated with 13b. This indicates that 13b 
is not an essential chromosome for C. heterostrophus. As 
mentioned in Section 3.4, all of the markers (15) located on 
this chromosome showed segregation distortion at P = 0.01; 
two-thirds of the progeny inherited this chromosome. The 
preferential transmission of B chromosomes to progeny has 
been reported (Rieger, Michaelis and Green 1976) and might be 
responsible for the distorted segregation of these markers. 
Part of B chromosome appeared to be insertionally 
translocated to A chromosomes in Hm540 because four markers 
from 13b are located in the chromosomes H3 and H5 in Hm540. 
3.6.4 Estimation of genome size 
Sizes of the chromosomes of C. heterostrophus in both 
B30.A3.R.45 and Hm540 were estimated using the chromosomes of 
S. cerevisiae and S. pombe as size standards (Table 12). The 
largest chromosome was about 3.7 Mb; the smallest about 1.3 
Mb. There are two possible estimates for the total genome 
size of C. heterostrophus. If we assume that all the 
chromosomes have been identified and one chromosome in one 
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parent could pair with two chromosomes in the other parent, 
i.e., 13 A chromosomes and 1 B chromosome in B30.A3.R.45 and 
12 A chromosomes in Hm540, the total genome size would be 
roughly 30-35 Mb. If each chromosome in B30.A3.R.45 paired 
with only one chromosome in Hm540, and vice versa (except for 
those chromosome involved in the confirmed reciprocal 
translocation), the number of A chromosome in each of the two 
parents should be 15. The genome size of C. heterostrophus 
should therefore be about 35-40 Mb. The latter estimate is 
preferred because, as mentioned above, it is unlikely based 
on our results that one chromosome paired with two 
chromosomes. 
3.6.5 Total map distance 
The total map distance of C. heterostrophus can be 
estimated based on the total map distance (944 cM) and the 
number of gaps between linkage groups in the map. Since we 
were able to assign linkage groups and unlinked markers to 
individual chromosomes, the number of gaps between linkage 
groups and unlinked markers in individual chromosomes can be 
counted. The maximum distance which can be detected at the 
5% significance level using 91 progeny is 39 cM. Therefore, 
the minimum size of each gap should be 40 cM. A total of 17 
gaps were identified, which should cover at least 680 cM. 
The total map length of C. heterostrophus was therefore 
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estimated to be at least 1624 cM. Therefore, the current map 
covers, at a maximum, 58% of the total map length. However, 
since we do not know whether the gaps are due to hot spots 
for recombination or a lack of markers in these regions of 
the genome, the coverage of the physical genome by the 
current map is not known. 
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4 DISCUSSION 
A genetic map based on RFLP and phenotypic markers has 
been constructed for C. heterostrophus. Of the 132 markers 
analyzed, 95% showed significant linkage at P = 0.05. The 
126 linked markers delimited 944 cM, or, at a maximum, 58% of 
the total map distance. A translocation tightly linked to 
Toxl was identified. This result supports the previous 
hypothesis that a reciprocal translocation in the C-strains 
is tightly linked to Toxl with its breakpoint at or very 
close to Toxl (Bronson 1988). 
The karyotypes of the two parental strains were also 
investigated by separation of intact chromosomes by TAPE and 
CHEF electrophoresis. Our evidence suggests that B30.A3.R.45 
has 15 A chromosomes and 1 B chromosome, whereas Hm540 has 15 
A chromosomes. The size range of the chromosomes is from 
about 1.3 Mb to about 3.7 Mb. The physical genome size is 
estimated to be 35-40 Mb. By hybridizing the 
electrophoretically separated chromosomes with probes used 
for making this map and cloned genes of known function from 
C. heterostrophus, individual linkage groups, unlinked 
markers, and cloned genes were assigned to the chromosomes of 
B30.A3.R.45 and Hm540. In addition, the reciprocal 
translocation associated with Toxl and several additional 
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differences in chromosome arrangement between the two parents 
were confirmed. 
The feasibility of cloning genes by chromosome walking 
from nearby RFLPs in C. heterostrophus can be evaluated based 
on the relationship between physical and genetic distance. 
The total map distance of C. heterostrophus is estimated to 
be, at a minimum, 1624 cM, which is approximately 60% larger 
than the total map distance of N. crassa (Perkins 1987). 
Based on pulsed field gel electrophoresis, the physical 
genome size of C. heterostrophus was estimated to be 35-40 Mb 
which is similar to that of N. crassa (27 Mb [Krumlauf and 
Marzluf 1980] or 43 [Horowitz and MacLeod 1960] or 47 Mb 
[Orbach et ai. 1988]). Therefore, in C. heterostrophus, 1 cM 
is equivalent to roughly 22-25 kb whereas in N. crassa, it is 
equivalent to 27 or 45 or 47 kb. The kb/cM ratio of C. 
heterostrophus is larger than that of yeast (10 kb/cM) 
(Fincham 1983), but smaller than that of most other 
organisms, for example, Drosophila (570 kb/cM), humans (1000 
kb/cM), maize (4000 kb/cM) (Fincham 1983), and members of the 
Liliaceae (20000 kb/cM) (Meagher, McLean and Arnold 1988). 
Cloning genes by chromosome walking in C. heterostrophus 
should therefore be easier than in most other organisms. 
The small average kb/cM ratio of C. heterostrophus may 
be a consequence of its small physical genome size (35-40 Mb) 
and its relatively large number of chromosomes (-15). The 
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number of chromosomes and physical genome size have been 
suggested to affect the average kb/cM ratio (Meagher, McLean 
and Arnold 1988). In a comparison of 20 plants species, Rees 
and Durrant (1986) observed larger chromosomes have fewer 
chiasmata per pg of DNA than smaller chromosomes. This 
implies that, with the same genome size, the larger the 
chromosome number, the higher the total recombination 
frequency. Thus, the large number of chromosomes could cause 
the low kb/cM ratio. The hypothesis is supported by the fact 
that the total genetic distance of C. heterostrophus is 
larger than that of organisms with smaller numbers of 
chromosomes but similar or even larger physical genome sizes, 
for example, Zea mays (10 chromosomes, 1350 cM, 540 Mb), 
Drosophila (4 chromosomes, 280 cM, 160 Mb) (Fincham 1983) and 
N. crassa (7 chromosomes, 1000 cM, 27 or 43 Mb or 47 Mb) 
(Krumlauf and Marzluf 1980; Horowitz and MacLeod 1960; Orbach 
et al. 1988). 
The current linkage map should be useful for cloning 
pathogenicity genes by chromosome walking. In the linked 
regions, the maximum distance between any two adjacent 
markers is 39 cM; the maximum real distance is therefore less 
than or equal to 50 cM (upper limit of a 95% confidence 
interval of 39 cM). Any newly-identified gene which is 
located in the linked regions should therefore be, at a 
maximum, 25 cM from its nearest marker. The mean walking 
103 
distance between the genes of interest and the nearest RFLP 
markers should therefore be about 12.5 cM. This corresponds 
to less than 62 5 kb and 313 kb for the maximum and mean 
distances, respectively. A combination of chromosome walking 
and jumping which covered 315 kb was used to clone the Ace 
and rosy loci and homeotic Bithorax gene complex in 
Drosophila melanogaster (Bender, Spierer and Hogness 1983). 
In N. crassa, a clock gene, frq, was cloned by chromosome 
walking covering -190 kb (McClung, Fox and Dunlap 1989). 
The low kb/cM ratio of the current linkage map should 
also permit efficient cloning of pathogenicity genes from 
chromosome fragment specific libraries. The intact 
chromosomes could be digested or partially digested with 
restriction enzymes with recognition sites which are rare in 
the DNA of C. heterostrophus to generate large restriction 
fragments. Alternatively, large restriction fragments could 
be generated by first treating DNA with an appropriate 
methylase to reduce the number of restriction sites and then 
digesting with restriction enzymes. The smallest chromosome 
fragment which hybridizes to markers flanking the gene of 
interest could be isolated and used to make a chromosome 
fragment specific library. This fragment could also be used 
to detect complementary cDNA clones. Therefore, the number 
of genomic clones or cDNA clones one would need to screen to 
obtain the genes of interest would be greatly reduced. 
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Several RFLPs were identified tightly linked to the 
pathogenicity locus Toxl. They are currently being used to 
facilitate the cloning of this pathogenicity gene by 
chromosome walking (C. R. Bronson, Department of Plant 
Pathology, Iowa State University, personal communication). 
Since Toxl is the only identified pathogenicity gene in 
the cross used for making the map, the mapping of additional 
pathogenicity genes will require additional crosses. To 
locate newly identified pathogenicity genes in the current 
map, pathogenicity mutants made in the C-strains should be 
crossed to Hm540. If the mutant genes are located in the 
linked regions or within 25 cM of an unlinked marker, a 
minimum of 69 markers distributed across the map would be 
needed to insure that any mutant locus was, at a maximum, 25 
cM from an RFLP or phenotypic marker. Thirty-three progeny 
will be needed to be 90% certain of detecting the linkage. 
This estimate was calculated based on the equation of Fleiss 
for a 80% (two-sided) binomial confidence interval (1981). 
However, any mutant gene has at least a 42% probability of 
residing in the unlinked region because, at a maximum, only 
58% of the total map distance of C. heterostrophus has been 
covered by the current map. Therefore, the C-strain parent 
should be mutant at more than one pathogenicity locus to 
increase the probability of detecting linkage. The 
probability that at least one gene will be located in the 
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linked regions is 93% if the parent is mutant at three and 
over 82% if mutant at two loci. 
A more saturated genetic map is desired for more 
efficient mapping and cloning of newly-identified 
pathogenicity genes. The number of markers needed to cover 
95% of the genome with a maximum spacing of 30 cM is 
estimated to be 193. This estimate was calculated according 
to the method of Beckmann and Soller (1986) and based on the 
assumption that the total map distance of C. heterostrophus 
is 1624 cM. A total of 132 markers of nuclear origin were 
analyzed; 15 of them are on a B chromosome and not useful. 
Therefore, at least 76 additional markers will be needed to 
saturate the current map. 
In order to add markers to the map efficiently, the 
source of probes and enzymes should be chosen based on the 
information obtained in this study. Cosmid probes detected 
RFLPs more efficiently than plasmid probes; 56% of cosmid 
probes detected RFLPs with 10 restriction enzymes whereas 36% 
plasmid probes detected RFLPs with 18 enzymes. Cosmid probes 
also seemed to have a higher probability of containing 
repetitive DNA than plasmid probes (15% versus 8.8%) based on 
detection by colony hybridization. However, since it is easy 
to identify and remove clones containing repetitive DNA by 
colony hybridization, cosmid probes should be more useful 
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than plasmid probes for identifying RFLPs in C. 
heterostrophus. 
The variability in C. heterostrophus for the recognition 
sites of the restriction enzymes was evaluated to determine 
whether some enzymes detected RFLPs more efficiently. A 
higher frequency of RFLPs in humans has been detected with 
restriction enzymes containing CG in their recognition 
sequence (Barker, Schafer and White 1984). However, no 
significant difference in the frequency of RFLPs with 
eighteen restriction enzymes was detected in C. 
heterostrophus. Five restriction enzymes containing CG in 
their sequence did not show more RFLPs than the other 
restriction enzymes. This result agrees with the 
observations in maize, tomato (Helentjaris et ai. 1986a), 
lettuce (Landry et al. 1987b) and Brassica (Figdore et al. 
1988) . Therefore, the choice of restriction enzymes for 
future RFLP analysis of C. heterostrophus should be based on 
price only. 
The frequency of RFLPs detected between the two parents 
appears to be lower than that in most other organisms. About 
12% of enzyme-cosmid combinations and 5% of enzyme-plasmid 
combinations detected RFLPs. If probes detecting deletions 
are not considered, only 5% of enzyme-plasmid combinations 
detected RFLPs. In most other organisms, higher proportions 
of the probes detected RFLPs with smaller numbers of 
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restriction enzymes. For example, the vast majority of 
probes detected RFLPs with two or three enzymes in maize 
(Helentjaris et al. 1985), Brassica (Figdore et al. 1988), 
P. chrysosporium (Raeder, Thompson and Broda 1989) and potato 
(Gebhardt et al. 1989). 
Several approaches might be used to saturate the map 
more efficiently. The efficiency of detecting RFLPs might be 
increased by digesting DNA with restriction enzymes with 
tetranucleotide recognition sites and separating digested DNA 
on denaturing polyacrylamide gels. This approach has been 
used to construct a genetic map for Solanum tuberosum and 
allowed the detection of RFLPs representing differences in 
size of as little as 12 bases which could not be detected 
using regular methods (Gebhardt et ai. 1989). Insertion of 
DNA sequences into the genome could create additional RFLPs 
in C. heterostrophus. A plasmid carrying amdS has been used 
to transform C. heterostrophus and is known to integrate at 
random sites in the genome (Yoder 1988). Each insertion site 
can be considered an RFLP which can be detected using the 
plasmid as a probe. Several insertion sites can be mapped as 
RFLPs in a single cross. C. heterostrophus could also be 
transformed with several plasmids which carry inserts of 
different sequences. The insert sequences then can be used 
as probes to detect the created RFLPs. 
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To fill the gaps in the current genetic map more 
efficiently, the DNA probes in the gap regions can be 
isolated by chromosome jumping (Collins and Weissman 1984; 
Poustka and Lehrach 1986) using the markers at both ends of 
the linkage groups as starting points. This technique 
requires the construction of a junction fragment library. 
Large DNA fragments (>100 kb) can be produced by partial 
digestion of chromosomal DNA and inserted into a plasmid 
vector. The large recombinant plasmid DNA can be digested 
with restriction enzymes which do not digest the vector, then 
religated and transformed into E. coli. Markers on the both 
ends of linkage groups can then be used to isolate 
complementary clones from the junction fragment library. The 
complementary clones can be used to detect RFLPs and/or used 
to isolate additional complementary clones. Those DNA clones 
which detect RFLPs can then be used to construct the genetic 
map. 
The majority of RFLPs detected in the two parents appear 
to be due to base substitutions because most probes detected 
RFLPs with only one restriction enzyme. This is similar to 
the results in humans (Barker, Schafer and White 1984). Some 
of the RFLPs, however, are associated with insertions or 
deletions and were detected with the majority of restriction 
enzymes used in this study. Deletions and insertions have 
been suggested to be the major source of DNA variation in 
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maize (Helentjaris et al. 1985) and rice (McCouch et al. 
1988) and cause a high frequency of RFLPs. A few probes, 
e.g., G127 (14/18), G199 (18/18) and C74 (4/5) which detected 
RFLPs with a high proportion of enzymes, however, were not 
associated with any obvious chromosome rearrangements. They 
might have hybridized to either a region of small chromosome 
rearrangements or a region of high DNA variation. 
The chromosome number of C. heterostrophus determined in 
this study is different from that previously reported. 
Guzman, Garber and Yoder (1982), observing pachytene 
chromosomes under a light microscope, counted eight 
chromosomes. This difference might be due to the fact that 
some of the chromosomes are too small to count reliably by 
light microscopy. Most chromosomes in C. heterostrophus (1.3 
Mb to 3.7 Mb) are smaller than those of N. crassa (2.5 to 6.2 
Mb or 4 to 12.6 Mb) (Perkins 1985; Orbach et al. 1988). 
In contrast to low DNA polymorphisms, chromosome size 
polymorphisms were abundant between the two parental strains 
(Figures 6 and 8). Chromosome size polymorphisms have been 
reported in several organisms, e.g., U. maydis (Kinscherf and 
Leong 1988), S. cerevisiae (Carle and Olson 1985; Johnston 
and Mortimer 1986; Ono and Ishino-Arao 1988), Candida spp. 
(Magee and Magee 1987), Plasmodium falciparum (Kemp et al. 
1987), Trypanosomes (Gibson and Borst 1986) and M. grisea (M. 
J. Orbach, E. I. du Pont de Nemours & Co., personal 
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communication). The chromosome size polymorphisms might have 
been caused by duplications, amplification, insertions, 
deletions and translocations. In N. crassa, a translocation 
has been shown to cause a change of chromosome size which can 
be detected by pulsed field gel electrophoresis (Orbach et 
al. 1988). The inheritance of chromosome size polymorphisms 
in S. cerevisiae has been studied (Ono and Ishino-Arao 1988). 
Single and multiple insertions/deletions have been suggested 
to be responsible for the polymorphisms (Ono and Ishino-Arao 
1988). Recombination between homologous chromosomes with one 
structural difference does not give rise to chromosomes of 
new size, whereas recombinant chromosomes from chromosomes 
with more than one structural difference are usually new 
sizes and move as new bands in the gel (Ono and Ishino-Arao 
1988) . 
Several translocations and deletions/insertions were 
identified between the two strains of C. heterostrophus used 
to make this map. These may have contributed to chromosome 
size polymorphisms. Since new chromosome bands have been 
observed in the progeny, there must have been more than one 
structural difference between some of the homologous 
chromosomes. 
The translocation at Toxl may have contributed to the 
size differences between chromosomes 4, 6, H5 and HlOb. 
However, the sum of the sizes of chromosomes 4 and 6 is 
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larger than that of chromosomes H5 and HIO by -900 kb. 
Therefore, other factors must also be responsible. Because 
the probe libraries were constructed from the C-strains, any 
large deletion of low copy number DNA in Hm540 should have 
been detected. No deletions in Hm540 were found in this 
region. Four RFLPs identified by repetitive DNA were located 
in chromosome 4 and/or 6 whereas two RFLPs identified by 
repetitive DNA were in chromosome H5 and/or HlOb. This may 
reflect a higher content of repetitive DNA in chromosome 4 
and/or 6. However, this difference may not be significant. 
In addition, large fractions of repetitive DNA may have gone 
undetected. Because we screened against repetitive DNA and 
used few repetitive DNA probes, the efficiency of repetitive 
DNA detection in our study was low. Furthermore, if the 
repetitive DNA exists as tandem repeats instead of dispersed 
repeat units, no or few probes would have been selected 
representing the region. Repetitive DNA probes giving 
identical banding patterns were selected against to avoid 
errors due to a possible skewed library. 
The differences in the sizes of most homologous 
chromosomes were small (100-200 kb). If this was due to 
deletion of low copy number DNA in one parent or a different 
amount of repetitive DNA, and if the probes had been randomly 
selected, 1-2 probes out of the 317 probes which were used to 
detect RFLPs should have detected the deletion or the extra 
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repetitive DNA. However, no deletions or extra repetitive 
DNAs were detected. This might be due to either chance or 
selection against repetitive DNA probes. Some of the 
homologous chromosomes in Hm540 are larger than in 
B3 0.A3.R.45. However, because the probes libraries were made 
from the C-strains, deletions in B3 0.A3.R.45 were not 
detectable. 
In three cases, the differences in the sizes of 
homologous chromosomes were greater than 3 00 kb. Chromosome 
1 is larger than H2a by -500 kb, chromosome 2 is larger than 
H2b by -400 kb, and chromosome H3 is larger than 9a by ~700 
kb. Two to six deletion/insertion RFLPS should have been 
detected. Deletions (or insertions) of single copy DNAs were 
found in chromosome 2/H2b (G309 is present in chromosome 2 
but not in chromosome H2b) and chromosome 9a/H3 (G392 is 
present in chromosome H3 and 13b [instead of 9a]). These 
insertions/deletions might have contributed to the size 
polymorphisms. No deletion was detected in H2a relative to 
1. For the reasons discussed above, different contents of 
undetected repetitive DNA might also be responsible for the 
chromosome size polymorphisms. 
The low fertility of the cross could have been due to 
several factors. These include recombination for polygenic 
lethal mutations and differences between the parents for 
spore killers and translocations. Spore killers are 
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chromosomal factors which can kill ascospores with the 
alternate (sensitive) allele in the same ascus (Turner and 
Perkins 1979). A reciprocal translocation can reduce the 
viability of ascospores by up to half. Insertional 
translocations of large chromosome fragments and quasi-
terminal rearrangements can cause abortion of one quarter of 
the ascospores (Perkins 1974). In this cross, the majority 
of the asci contained only 2 or 4 viable ascospores. The 
high frequency of asci with only 2 viable spores suggests 
that more than one factor was responsible for the ascospore 
abortion in this cross. A reciprocal translocation has been 
confirmed and should have caused abortion of half of the 
ascospores. The other abortion-inducing factor(s) might be 
an unidentified DNA rearrangement, spore killer or polygenic 
lethal mutation. Spore killers have been reported in race 0 
field isolates of C. heterostrophus (Bronson, Taga and Yoder 
in press). 
To differentiate these possibilities, further crosses 
are required. Crosses homozygous at Toxl {TOXl x TOXl or 
toxl X toxl) should be made between the progeny and parents. 
If the abortion was due to recombination for polygenic lethal 
mutations, some progeny will have ascospore abortion when 
crossed to one parent, some when crossed to the other, and 
some will not abort spores when crossed to either parent. 
For both spore killers and chromosome rearrangements, crosses 
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homozygous for the factors should be more fertile than 
crosses heterozygous for the factors. Thus, the fertility of 
a cross depends on to which parent a progeny is crossed. If 
the abortion-inducing factor is a spore killer, all or almost 
all of the progeny should carry the killer allele and thus be 
fertile with only one parent. If the abortion-inducing 
factor is a rearrangement, only one third to one half of the 
progeny should carry the rearrangement. This portion of the 
progeny should be more fertile with one parent and the other 
portion should be more fertile with the other parent. Thus, 
the fertility of different progeny when crossed to the two 
parents should be determined. 
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6 Appendix A: Computer printout of progeny data 
This computer printout from the program HAPMAP lists the 
alleles of markers in each of the 91 progeny used for making 
the map. The numbers across the top and the bottom of the 
table indicate the computer code for the 91 progeny. The key 
to the computer code is listed in Appendix G. The phenotypic 
and RFLP markers are listed on the left of the table. "L" 
indicates that the progeny inherited the allele from 
B30.A3.R.45; "F" indicates that the progeny inherited the 
allele from Hm540; indicates that the markers could not 
be scored in these progeny. Some of markers have an "X" 
following the marker's names, indicating that these markers 
were keyed in by mistake or abandoned due to the difficulty 
of scoring. These markers were not used for mapping. Two 
markers have a question mark following the marker's names 
indicating that the chromosome locations of these markers 
could not be determined due to ambiguous hybridization 
patterns to the separated chromosomes. "Matern" indicates 
maternal inheritance and was scored based on the color of the 
ascocarp from which the progeny were isolated. "2 spore" 
indicates that the progeny came from an ascus which contained 
only two viable spores (L) or other number of viable spores 
(F). "4 spore" indicates the asci contained four viable 
spores (L) or other number of viable spores (F). 
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Hm 01-10-9C OS: 21:52 Data file: tl Page 0 
Marker 4 8 12 16 20 24 28 32 36 40 44 48 52 56 
matern LLLL LLLL LLLL LLLL LLLL LLLL LLFF FFFF LLLL LLLL LFLL LLLL LLLF FFFF 
FLLL LLLL LLLL LLLL LLLL LLLL LLLL LLLL T.T.T. 
T-tox LLFF FLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LLFF LLFF 
FFFF LLFF LFFL FFLL FFLF LFFF LLLF FLFL LLL 
Cyhl LLFF FFLL LLFL LFLL LFFL FLLL FFLF FFFF LFLF LFFF FFFL LFLL FFLF LLFF 
FFFF FFLF FLLF FLFL LLLL LFFL LLLL LFFF FFF 
MATl LFFL LLLF FLFL FFLF FFLF FFLL FLFL LLFL FLLF LLFF LPLF FLLF LFLL FFLL 
FLFL FFLF FLFL LFLL FLLF FFLF LFLL LFFF FLL 
Albl FFFF LFFL FLFL FLFL FLFF FFLL LFFL LFLF LFFL LFLF LFFF FFLL LLFL FFLL 
LLLF LFFF LLFF FFFF LFFF LLLL FFFL FLFF FFL 
rDNA LFLF FFFF FFFF LLLL FFLL LLFL FLLL LLLF FLLF FFLF FFLL LFLL FFFL LLLL 
LLFF FFLL LFFF FFLL FFLF LLFF LFFL FFFF FFF 
G32m LFLF LLLF LLLF LFL LLFF FLFL LLLF LFFL FLLF LFLL FLFF FFLL FFFL FFFF 
LFLL LLFF LLFF FFFF LLLF LFFF FFFL LFFF FLF 
G213 FFFF LLLF LLFF FFLL FFLL LLFF FFFL FFFF LFLL LFLL LFLL LLLL FFFF FFFL 
LFLF FFLF FFFF FLFF FLFL FFFL FFFF LFLL FFL 
G127 FLFF FLFL FLLF LLLL LLFF FFLF FFFF FLFF LLFL LFLL LLFL LFFL LLFF LLFL 
FLFL FLLL LFFL FLFL FFLF FLLF FFLF LFFL LFF 
G392-1 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G392-2 LLFL FLLF LFFL LLLL FLLF FLLF LLFL FLFL LFFL FFFF LFFL FLLF LLFF FFLL 
FLLL LFFL LFLF FLLL FLLL FLFF _FF LLLF FLF 
G199 LLFF FLLL LFLL FFLF LLLL FLLL LLFL LFFL FFLL LLFF LFFF FFLL LFLL LFLF 
FFLF FFLL LLFL LLFL FFFF FLLF LFFL LLFL LFF 
G241 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G300 LLFF FFLL LLFL LFLL LFLL FLLL FFLF LFFF LFLF LFFF LFFL LFLL FFFF LLFF 
FFFF FFLF FLLF FLFL LLLL LFFF LLLL FFFF FFF 
G451 LLFL FLLL LLLL FFLF FLFF LLLL LLFF LFLL LFLL LLLF LLLL FFF_ LLLL LLLF 
LFFL FFLL LFFF LL LLFL FLFF LLFF FFFF _FL 
G452m LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G29 LFLL FLLL FLFL FLFL FLFF LLLL LFFL FLLL LFFL LFFF LFFL FLLL LLFL FFFL 
LLFL FLFL LFLF FFLF FFLL FLFF LFLL LLFF LLL 
G3S6 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G188 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G38 FLFF FFFL FFLL FLFL FFLL FLL FFFF LFLF LFLL LLFF FFFL FFLL LLFL FLLL 
LLLF LFFF FLLF FFLL LFFF FFFL FFFL FFLL LFL 
G401 LFLF LLLF LLLF FLFL LLFF FLFL LLLF LFFL FLLF LFLL FLFF FFLL FFFL FFFF 
LFLL LLFF LLFF FFFF LLLF LFFF FFFL LFFF FLF 
G235 FLLF FLFF LLFL LLLF FFFL FFFL FFLL LFLL FLFF FFLF FLFF FLFF FFFF LFFL 
FFFF FLFF FLLF FFLL LFLL LFFF FLFL FLFL FLF 
G463 FFLL FLLF LLLF FLLL LFLL LLFF FLLL LLLF FLFL FFLF LFLF LLLL LLLL LFLL 
FLLF LFFF FLFF LLFF FFFL FLFF LFLL LFLL FFF 
G172 FLFF LLFF FLLL LFFF LLLF FLFL LFFF FLLL FFFL FFLL LFLF FLLF FLLL FLFF 
FLLL LLLF FFFF LFFL LLFL FFFL FFLL LLFF LFF 
B233X LFFL L_F_ LFL LLFL LLFF FLLL LFLF LFFL LFFL FLLF LLLF FLFF FFLL LLFL 
LFFL LLFF FFLF FLFF LFLL LLFF FLLL LFLL FLL 
60 64 68 72 76 80 84 88 92 96 100 104 108 112 
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Marker 4 8 12 16 20 24 28 32 36 40 44 48 52 56 
G19 LLliL LLLL FFLL FFLL LFFL LFLL FFFF FFFF FLLL FLFL LLLL FLFL FFLL FFLF 
LFFF FLFL FLFF LFFL FLFL LLFF LFLF FFLL FFF 
G237 LFFF FFLF LFLF FFFL FFFF LLLL FFLF FLFF LLLF FLLF LFLL LLFF FLLF LLFL 
FFLF FLFF FFFL LL F FFFL FLF LF F LFF 
G395 LLFF FLLL FLFF LLLF LFFF FLFF FLFF FLFF LFFF LFLF FFLL LFLF LFFL FLFL 
FLLF FLFL LFFF LFLL FLFF FLFL FFLF FLLF LLF 
G471 LFLF LFFF FFLL LFFF LLLF LLFF LFFF LFFL LLFF FFFF LLFL FFFL FLFF FLLF 
LFFF FLLF LLFF LFFF FFLL LFFL FFFL FLLF FFF 
G131X FFFF LFFL FFLF FLFF FLLF FFFF FFFF LLLL LLLF FFFF LFFF FFLL FFFF FLLL 
G131m LLFF LLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
G384X FFFL FFFL FLFF FLFL LLFF FFLL LFFL LFLL FFFL LFLF LFFF FFLF LLFL FFFL 
B6 FLFF LLFF FLLL LFFF LLLF FLFL LFFF FLLL FFFL FFLL LFLF FLL_ FLLL FLFF 
FLLL LLLF FFFF LFFL LLFL FFFL FFLL LLFF LFF 
G210-1 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G210-2 LLFF LLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
G395X LLFF FLLL FLFF LLLF LFFF FLFF FLFF FLFF LFFF LFLF FFLL LFLF LFFL FLFL 
B301 LLFL LFFF FFLL LFFL LLLL LFFF LFFF LFFL LLFF FLFF LLFL FFFL FLFF FLLF 
LFFF FLLF LLFL LLFF FFLL LFLL FFFF LLLF 
G36m LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G242 FFLF LLLF LLFL LFFL FLLF LFFF FLLF LFLL LFLF FFLF LFFF FLLL FLLL FLLF 
FFLL FFFL FFLL LFLF LFFF FLLF LFLL FFFL LLF 
G419 FLL LLLF FFLF FFFL FFLL FLLL FFLL LLFF FLFL LFLL FLLF FLFL FLLF FFFL 
F LL FLFF LFLL FFFF F LF LFLL FFLF FFLF LFL 
B312-1 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
B312-2 LLFF LLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
G431-1 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
G431-2 LLFF LLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
G349 LFFF FLLF FFFF LLFL LLLL FLLL LLFF LLLF FFLL LFFF LLFF FLFF LLFF LLLF 
FFFF LLLF LFFL FFLL FLLF LFLF LLLF FLFL LLL 
G397? LLFL LLFL FFLL FFLL LFFF LLFF LLLF FLFF LFFF LFLL LFLF LLLL FFLF LFFF 
LLFL FLFF LFLF FFLL LLFL LFFF LLLL LLLF FFL 
G444 FLLF FLFF LLFL LLLF FFFL FFFL FFLL LFLL FLFF FFLF FLFF FLFF FFFF LFFL 
FFFF FLFF FLLF FFLL LFLL LFFF FLFL FLFL FLF 
3416 LFLF FLFL FLLF FFFF FLFF FLFL FLFF FFFL FLLL LLLF LLFL FLFL LLLL FFFL 
LLFF FLLF FLFL LFFL FFFL FFFF LFLF LLLF FFF 
B4 LFFF FFLF LFLF FFFL LFF LLLL FFLF FLFF LLLF FLLF LFLL LLFF FLLF LLFL 
FFLF FLFF FFFF FFFL LLLF FFFL FLFF LFLF LFF 
B346m FLFL FFFF LFFF FLLF LLFF FLFL FFFF LFFF LFLF LLFF LLFF FLLF FLFF FFFF 
FFFL FFFL LFLF LLLF FLLL LLLF FFLF FLFL LFF 
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G495 LFLF FFFF FFFF LLLL FFLL LLFL FLLL LLLF FLLF FFLF FFLL LFLL FFFL LLLL 
LLFF FFLL LFFF FFLL FFLF LLFF LFFL FFFF FFF 
B91 FFLL FLFF FFFF FLFF FLLL LFFL LFLL LFLL LFFF FLLL LLLL LFFF LLLF LFLL 
LFLF LFLL LLFF LLLF LFLL LFFL LLLF FFFL FFF 
884 LLLF LLFF LLLL LFLL LLFF FLFL LFFF FLFF LFFL FFLL LLLF FLLF FLFL FFFF 
LLLL LFLF FFLF LFLL LFLF FFLL FFLL FLLF LFL 
G398 LLFL FLLL FFLL FFFF LLFL FFLL LFLL LFFL FFLL LLLL LLFF FFFL LFLL LLFF 
LFFF FFLF LFFL LLFL LFFF FLLL LFFL LFFL LFL 
8285 LFLL LLLF FFLF FFFL FFLL FLFL FFLL LLFF FLFL LFLL FLLF FLFL FLLF FFFL 
FLLF FLFF LLLL FFFF FLFF LFLL FFLF FFFF LFL 
G508 FFFF LFLL FFLF LFLF FLLF LFLL FFLL LFLF FFLL FFLL LFFL LLLF FFFL LLLL 
FLFL LFFF LFFF FFLF LLFL FLFL LFFL LLLF FLF 
823 LLFL FFLL LFFL LFLF LFLL LLFF FFLF FFLL LFFL LLFL LLFL LFFL LFLF LFLL 
FLFF LLLL LLLF FFLF FFFL LFFL LFLF LFFF FLL 
84 3 LLFF FLLF FLFF LLLL LFFF FLFL LLLF FFFF LFFF LFLL FFLF LFLF LFFF FLFL 
FLLL FLFL FFFF FFLL FLFF FLFL FFLF FLLF LLF 
8264 FLFF FFFF LLLF FLLF FLFL LFLF LLFF LLFL LLLF LLFL FLFL LFFF LFFF LLFL 
LLLL FLLF LLLF LFLF LLFF FLLF FFFF FFFL FLL 
G308 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLZaL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
8246 FFLF _FF FLFL LLLF FLF LFFL FLLF LFLL LFLF LFLF FFFL FLF_ FLL_ FLFL 
LFLL FLFL FFLL LFLF LFFF LFLL FFLL FFLL LFF 
8380 FLFL LFFF LLFF F FF FL F FLLL FFFL LF L FL LFFF LLLL F_LF FLFF FFFF 
FFFF LFLF LFLF LLLL LLFF LLFL LFLF FLFF LFL 
G315 LFLF FFFF FFFF LLLL FFLL LLFL FLLL LLLF FLLF FFLF FFLL LFLL FFFL LLLL 
LLFF FFLL LFFF FFLL FFLF LLFF LFFL FFFF FFF 
888 LLFF FLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LLFF LLFF 
FFFF LLFF LFFL FFFL FFLF LFFF LLLF FLFL LLL 
G492 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
8195 FFFF FLLF LLLL LLLF FLL LLFL LFLF FFFL LLFF FFLL FLLF LFLL FFL_ FLLL 
LLLL FFLL FFLL FFFL LLFF FFLF LL LLFF LFL 
8272 FFLL FLFF FFFF FLLF FLLL LFFL LFLL LFLL LFFF FLLL LLLL LF_F LLLF LFLL 
LFLF LFLL LLLF LLLF LFLL LFFL LLLF FFFL FFF 
8277 LLFF FFFL FFFF FLLL FFFL FLLL FFFF LFLF LLLL LLFF LFFL FLLL LLFL FLLL 
FFFL LFFF FFLF FLLL LFFF LFFL FFLL LFLL LFL 
871 FFFF FLFF FLLF LLLF FFFF FFFF FFFF FLFF LLFF LLLF LLFL LLFF LLFF LFLL 
FLLL FLLL FFFL FFFL LFLF FFFF LFLF LFFL LLF 
814 LLLL LLLL LLLL LLLL LLLL LLLL LLFF FFFF LLLL LLLL LFLL LLLL LLLF FFFF 
FLLL LLLL LLLL LLLL LLLL LLLL LLLL LLLL LLL 
G309 LFFL LLFF FFLF LFFF LLLF FFLL LFLF LLLF FLFL LFFL LFFF FFLL LFFF FLFF 
FLFF LFLL FFFL FFLF LLLF FFFF FLFF LFLL LLF 
G311 LFFL F FL LLLF LFFL FLLL FFLF FFFL LFLL FLFL LLLF FLLF FLLF LLFF LLFL 
FLFF LFLF LLFF LLFF FLFL LLFL LFLL FLLF LLF 
G144 LFL LLFF FFLL FFFF LLLF FFLF L L L FF FLLF LLLL LLFL _LFF LLLF 
L FF FFLF FLFF LFLF FFLL LFLL FLFL LLF LLL 
B107 FFLF FLFF FFFF FFFL LFFL LLFL LFLF LFFL LFLF LFLF FLFF FFLL LLLF FFFF 
FLLF LLFF LFLL LFFF LLFF FFLF FLFL FLFF FLF 
G384 FFFL FFFL FLFF FLFL LLFF FFLL LFFL LFLL FFFL LFLF LFFF FFLF LLFL FFFL 
LLLF LFFF LLFL FLFL LLFF LLLL LFLL FLFF FFL 
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B403 FLFF FLFL LFFL LLFL FFFL LLLF FFFF LFLF LFFF FLFF FLFF LFLL FLFL LLFF 
LFLF FLFL LLFF LFLF LFFF FFFL FFFF LLFF LFF 
B288m LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
B283 LFFL FLLL FFLF LFLF FFFL FFLF FFFL FLLL FLLL LLLF FLLF FFFF LLLF LLFL 
FLFF LFLF FLLF LFFF LLLL LLLF LFFL FFLF LLF 
G214 FLFF FLLL FLFF LLLL LLFF FFLF FFFF FLFF FLLL LFLL LLFL LFFL LLLF LLFL 
FLFL FLFL LFLL FLFL FLLL FLLF FLLF LFFL LFL 
G353m3 FFFL FFFL FLFF FLFL LLFF FFLL LFFL LFLL FFFL LFLF LFFF FFLF LLFL FFFL 
LLLF LFFF LLFL FLFL LLFF LLLL LFLL FLFF FFL 
G353m2 LLFF FLFF FFFF FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLLF FLFL LLFF LLFF 
FFFF LLFF LFFL FFFL FFLF LFFF LLLF FLFL LLL 
G353ml LLFF LLFF FFFF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
G353m3 FFFL FFFL FLFF FLFL LLFF FFLL LFFL LFLL FFFL LFLF LFFF FFLF LLFL FFFL 
LLLF LFFF LLFL FLFL LLFF LLLL LFLL FLFF FFL 
G353ml LLFF LLFF FFFF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL LLL 
8339 FFLL LFFL LFFF LLFL FFFF FLFL FFFF LLLL FFLL LLLF LLFF FFLL LFLL FLLF 
FLLF LLFF FLFF FFLF LFFF FFFF FLFF LLFF LLF 
mito LLLL LLLL LLLL LLLL LLLL LLLL LLFF FFFF LLLL LLLL LFLL LLLL LLLF FFFF 
FLLL LLLL. LLLL LLLL LLLL LLLL LLLL T.T.T.T. LLL 
G98rl LLFF FLFF FFLF FLLL LLLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LL_F LLFF 
FFFF LLFF LFFL FFLL FFLF LFF LLLF FLFL LLL 
G98r2 LF L FFLF LLLL FLLF FL_ LFLL FLFF LLF LFLL LLFL LFLL FLLF LFLL FFLF 
LFLL FLFF LLFL FLL LLLF FFLL LFLL FFLF FLL 
G98X LF_L FLFL LFLF LLLL FLFL FFL_ FFFL LLLL LLFL LLLF FLLF FFFF LLLF LLFL 
8281 FFLL LLLL FLFL LLLL LFLF FLLL FFFL LLLF LLLL FLLL FLFF LFFF LLFL FLLL 
FLFF LFFF LFLF LFLF FFLL LFLL LLLF FFFF FLL 
8329 LLFF FFLL LLFL LFLL LFLL FLLL FFLF LFFF LFLF LFFF LFFL LFLL FFFF LLFF 
FFFF FFLF FLLF FLFL LLLL LFFF LLLL FFFF FFF 
8154 LFLF LFFF FFLL FFFF LLLF LLLF LLFF LFFL LFFF FFLF LLLL LLFL FLFF FLLF 
LFFF FFLF FLFF LFLF FFLL LFLL FLFL FLLF LLF 
8149rl LLFF LFFF LFLL FLFF FLFF LFLF LLFL LLFL LLFF LLLL FLLL LLFF LFFF LLLF 
FFLL FLLF LFLL FLLF FFFL FLLL FFLF FFFL LLL 
8149r2 LFF FLLL LLFF FLLL LLFF FLF FLFF LLLL LFLL LLLF LLFL FFFL LLLF FFLF 
LFFF FLLL FLLF LFLL LLFF FLFF FFLF FFFL LFL 
8149r3 FFL LLFF FFLF LFFF LLLF FFL FLF LLLF FLF LFFL LFFF FFLL LFFF FLFF 
FLFF LFLL FFFL FFLF LLLF FFFF FLFF LF L LLF 
8149r4 LLFF LLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLL LLFF FLFL LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FLLL FLL 
8257 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
8120 FFFL FFFL FLFF FLFL LLFF FFLL LFFL LFLL FFFL LFLF LFFF FF_F LLFL FFFL 
LLLF LFFF LLFL FLFL LLFF LLLL LFLL FLFF FFL 
8160 LLLF LLLF FLFF LLFL FFFF FLFL LLFL FFFF LFFF LLLL FLLF LFLF FFFF FLFL 
FLLL FLLL FLFF LFLL LLFF LLFL FFLF LFLF LLF 
8125 LLFL LFFL LFFF LLLF FLLL LFLL LFFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
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B131rl LLFF FLLL LLFF FLLL LLFF FLFF FLFF LLLL LFLL LLLF LLFL FFFL LLLF FFLF 
LFFF FLLL FLLF LFLL LLFF FLFF FFLF FFFL LFL 
B131r2 LLLL FFLF FFFF LFLF FFFF FFLF FFFF FLLL FFLL LLLF LLLF FFFF LLLF LLLL 
LFLF FFFF LLFF LLFL LFLL FLLF LFFL LFFL LFF 
B131r3 LLFF FFLF FFFF FFLF FFFF FFFF FFFF FLLL FFLL LLLF LLFF FFFF LLLF FFLF 
LFFF FFFF FLFF LFFL LFFF FLFF FFFF FFFL LFF 
B429 LLFF FFFL FFFF FLLL FFFL FLL FFFF LFLF LLLL LLFF LFFL FLLL LLFL FLLL 
FFFL LFFF FFLF FLLL LFFF LFFL FFLL LFLL LFL 
C50 FFLL LLLL FLFL LLLL LFLF FLLL FFFL LL F LLLL FLLL FLFF LFFF LLFL FLLL 
FLFF LFFF LFLF LFLF FFLL LFLL LLLF FFFF FLL 
C3 FFFL LLFL LFFL LLLF LFLL FFF FFL FLLL FFF FFFL LFLL FFLF LFLL F_LL 
LLFF LLFL FLFF LFFF FLLL FLLL LFFF LLLL FFL 
C76 LLFL FLLL LLLL FFLF FLFF LLLL LLFF LFLL LFLL LLLF LLLL FFFL LLLL LLLF 
LFFL FFLL LFFF LLFL LLFL FLFF LLFF FFFL LFL 
C9 LFFL FLL FFLF L LF FFFL FFLF FFFL FLLL F LL LLLF FLLF FFFF LLLF LLFL 
LFF LFLF FLLF LFFF LLLL LLLF LFFL FFLF LLF 
C64 FFLF LLLF LLFL LFFL FLLF LFFL FLLF LFLL LFLF FFLF LFFF FLLL F L LLLF 
FFFL FFFL FFLL LFLF LFFF FLLF LFLL FFFL LLF 
C53 FFLL FLFL LFFL L FL FFFF FLLL FLFF LLLL LFLF LLLF LLFF FFLL LLLF _LLF 
LLLF LLFL LLFF LFLF LFFF FFFL FLFF FLFF LFF 
C193 LFLF FLLL FLLL FFLF FLLL LLLL FFFF FFFF FLLL FLFL FLFF FFLL FLLL FFLL 
LFLF FLFF LLFL FFFL FLFL LFFL LFLF FFLL FLF 
C72 LLFL FFLL LFFL LFFF LFLL LLFF LFFF LFLL LFFL LLFL LLFF LFFL LFLF LFLL 
LFL LLLL LLLF FFLF FLFF FFFL LLLF FFFF FLF 
C74 LFFL FLL FFLF LLLF FFFL FFLF _FL LLL F LL LLLF FLLF FFFF LLLF LLFL 
LFF LFLF FLLF LFFF LLLL LLFL LFFL FFLF LLF 
C207 FLLL FFLF LFFL L FF LLLF LLFL FLLL LFFL LLLL LLLF FFFF LLLL FFLL FLL_ 
LL F FLLF LLLL F LL LFLF FFFL FF L FLL FFL 
C60 FLFL FFFF LFFF FLFF FLFF FLLL FFFL LFFF LFFL LFFF LLLF FFLF FLLF FFFF 
FFFF LFFF LLLF LLFF LLLF LLLF FFLF FLFL LFF 
C28 LFFL LLF FFLF LFFF LLLF FFLL LFLF LLLF FLFL LFFL LFFF FFLL LFFF FLFF 
FLFF LFLL FFFL FFLF LLLF FFFF LFF FFLL LLF 
Cl92r LLFF FLFF FLF FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LL_L LLFF 
FFFF LLFF LFFL FFLL FFLF LFFF LLLF FLFL LLL 
C155 FFFF FFLF FLFF LLFF LLLF FLLL L FL LLFF F LLFF LLLL FLFL FLLL FLF_ 
FFFF FLFL LLLF FLFL FLLF FFLF FLLF FFLL LLL 
C224? L FF L FF LFFF _F_L LFLF LFL LFF FLLF LLLF F L LLFF FL_L LLFF LLFF 
FFFF LLFF LLFF FLFL FFFF LLLF FLLF FFLL LLL 
C84 LLFF FLFL LFFL LLFL FFFL LLLF FFLL LFLF LFFF FLFL FLFF LFLL FLFL LFFF 
LFLF FFFL FFLF LFLF LFFF FFFL FFFF LLFF LFF 
C206 LFFL FLLL FF F LL FFFL FFLF FFFL LL L FLLL LLLF FLLF FFFF _LLF LL 
FLFF LFLF FLLF LFFF LLLL L_L LFFL FFLF LLF 
c226 FLLL FFLF LFFL LLFF LLLF LLFL FLLL LFFL LLLL LLLF FFFF LLLL FFLF FLLF 
LLFF FLLF LLL FFLF LFLF FFFL FFFL LFLL FFL 
C261 LFLL FLLL FLFL FLFL FLFF LLLL LFFL FLLL LFFL LFFL LFFL FLLL LLFL FFFL 
FLFL FLFL LFLF FLF FFLL FLFF LFLL LLFF LLL 
cl88 FFFF LFLL FLFF FFLF FFFL FLLL FLFL LLLF LFLL FLLL FFFF FFFF LFFL FLFL 
FLLF LLFF LLLF LFLF FFLF FFLF FLFF FFFF FLL 
C173 LFFL FFLF LFFF FLFL LLFL LFFL LLFF FFFF FFLF FLLL LFFL FFFF LLFF FFFF 
FLLF LFFL LLFL LLLL FLFF FLLF FLFL FLLL FLL 
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B421rl LFFL FLFL LLLF LFFL FLLL FFLF FFFL LFLL FLFL LLLF FLLF FLLF LLFF LLFL 
FLFF LFLF LLFF LL F FLFL LLFL LFLL FLLF LLF 
B421r2 FFLL LLFL LLFF LFFL FFLF LFLL FLLL LFLL FFFL LLFF LFFL LLFL FFFL LFFF 
LFLL FLLF LLFL FL L FFFL FFLF FFLL FLFL FFL 
B421r3 LFFL FLFL LLLF LFFL FLLL FFLF FFFL LFLL FLFL LLLF FLLF FLLF LLFF LLFL 
FLFF LFLF LLFL LL FLFL LLFL LFLL FLLF LLF 
B421r4 FFLL LLFL LLFF LFFL FFLF LFLL FLLL LFLL FFFL LLFF LFFL LLFL FFFL LFFF 
LFLL FLLF LLFF FL_ FFFL FFLF FFLL FLFL FFL 
C113 LFFL LFFL LFFL LFFF FLLF FFFF LFLL FLLF LFLF FLLL FFFL LFLL LLLL FFFL 
FFFL LFLL LLLF FFLL LFLL LFLL FFLF FFFF LLF 
C210 LLFL FFLL LFFL LFLF LFLL LLFF FFLF FFLL LFFL LLFL LLFL LFFL LFLF LFLL 
FLFF LLLL LLLF FFLF FFFL LFFL LFLF LFFF FLL 
B405 LFLL LLFF FFLF LFFF LLLF FFLL LFLL LLFF FLFF LLFF LFFF FFLL LFFF FLFF 
FLLF LLLL FFFL FFLF LFLL FFFF FLFF FFLF LLF 
C116 FLFF FLL LL F LFFL LFFF L LF FFLL LLFL FLLL FLFF LLFL FFLL LLFL F_LF 
FFF FFLL LLLL FLFL LLLF FFLL LLFF LFLF LFF 
B411 FFLF LLLF LLFL LFFL FLLF LFFF FLLF LFLL LFLF FFLF LFFF FLLL FLLL FLLF 
FLL FFFL FFLL LFLF LFFF FLLF LFLL FFFL LLF 
C246 LFLF LLFF FFLL FFFF LLLF FLLF LLFL LFFF LFFF FL_F L_LL _LFL LFFF FLLF 
LFFF FFLF FLFF LFLL FFLL LFLL FLFL FLLF LLL 
B21 LFLF FLFL FLFL FFLF FLLF LLLL FFFF FFFF FLLL LLFL LLFF LFFL FLFL FFFL 
LLLF FLFF LLFF FFFL FFFL LFFL LFLF FFLL FLF 
C270 FLFL LLLL LLFF FFLL FFLL LLFF FFFL FFFF LFLL LLLL LFLL LFFL FFFL FFFL 
FFLL FFLF FFFF FLFF LLFF FFFL FFFF LFLF FLL 
Cl21 LLFL FFL FFFL LFFL LLLL LFFF LFFF LFLL LLFF FLFF LLFL FFFL FLFF FLLF 
LFFF FLFF LLFL LLFF FFFL LFLL FFFF LLLF LFF 
G230X LLFF FLFL FFLL FLLL LFLL LLLL LLFL LLL LLLL LLLF LLLL FLLL LLFL LLLL 
FLFL LLFF LFLL FLLL LFLF LF L LLLF LL L LLL 
G449m LLFF 
F 
LLFF LLLL LFFL LLLF FLFL LFFF FLLF LFFL FFLL LLLF FLLF FLFL FFFF 
G238rl FFFF LLLF LLF FFLL FFLL LLFF FFFL FFFF LFLL LFLL LFLL LLLL FFFF FFFL 
LFLF FFLF FFFF FLFF FLFL FFFL FFFF LFLL FFL 
G238r2 FFFF FFLF LLLL LLLF FLLL LLFF LFLF FFLL FLFF FFLF FLLF LFLL FFLL FLLL 
LLFL FFLL FFLL FFFL LFFL FFLF LLLL LLFF LFL 
G238r3 LLFF FLF FFLL FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LLFF LLFF 
FFFF LLFF LFFL FLLL FLLF LFFF LLLF FLFL T.T.T. 
G264rl LLFF FLFF FFLF FLLL LFLF LFLL LLFF FLLF LLLF FFLF LLFF FLFL LLFF LLFF 
FFFF LLFF LFFL FFLL FFLF LFFF LLLF FLFL LLL 
G264r2 LLLF LLLF FLFF LLFL FFFF FLFL LLFL FFFF LFLF LLLL F_LF LFLF FFFF FLFL 
FLL FLLL FLFF LF L LLFF LLFL FFLF FLF LLF 
C67 FFFF FFLF LLFL LLFF LFFF FLLF LFFL FFFF FFLL LL_F FLLL FFFL LLLL FFFF 
FFFF FLLL LLLF FLFL LLLF FFLL FLLF LFLF LLF 
C70 FLFF _FF_ FLLL FLLL FF L FLL _LL LLLF FFFL FFLL LLFL FLLL 
LLF LFFF FLFF FFLL LFFF FFFL FFFL FFLL LFF 
C207X FLLL FLF LFFL LLFF LLLF LLF FL LLLL LLLF FFFF LLLL FFLF FLLF 
LLFF FLLF LLLF FFLF LFLF FFFL FFFL LFLL LFL 
C253 FFFF FFLL LLFL LLFF LFFF FLLF LFFL LLFL FLLL LLFF LLFL FFFL LLLL FLFF 
FFFF FLLL LLLF FLFL LLLF FFLL FLFF LFLF LLF 
B114rl FFLL FLLF FLLF FLFL LFLL FLF FLF FLLF FLFF LFLF LFLF FLLL LFLL LFLL 
LLLF LFFL FLFF LFFF FFFL FLFF FFLF LFLL FLF 
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B114r2 LLFL LFFL LFFF LLLF FLLL LFL_ FFF FFFF LLLF LLLF LLFL FFLL FFLL LLLF 
LLFL LLLL FLFL LLFL LLLL FLLL LLLL LLFF LLL 
2spore FLFF LFFL FFFF FFLF FFLL FFLL FFLF FLFF FFFL FLLF FLFF FFFF FFFF FFLF 
LLFL LLFL FLFL LLFF FLLF FFLL LLLL LFFF FFF 
4spore LFLL FLLF LLFL FLFL LLFF LFFF LLFL FFLL LLLF LFFL LFLL LLLL LLLL FFFL 
FFFF FFLF FFFF FFFL LFFL LFFF FFFF FLFF FFL 
60 64 68 72 76 80 84 88 92 96 100 104 108 112 
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7 Appendix B: Computer printout of 5% linkage analysis 
This computer printout from the program HAPMAP lists all 
the linkages between markers significant in a two-sided Chi-
sqpiare (X2) test at P = 0.05 and their 95% confidence 
intervals (95% C.I.)- The marker notation is the same as in 
Appendix A. Ml = marker 1, M2 = marker 2, M.U. = map unit, 
Scd = scored progeny, MM = mismatch. 
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Mi M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
matern C173 39.6 10.92 29.6 50.5 91 36 42 36 0 13 
matern mito .0 83.02 .0 5.0 91 0 78 0 0 13 
matern B14 .0 83.02 .0 5.0 91 0 78 0 0 13 
matern G315 63.7 7.31 52.9 73.6 91 58 31 47 11 2 
matern G495 63.7 7.31 52.9 73.6 91 58 31 47 11 2 
matern rDNA 63.7 7.31 52.9 73.6 91 58 31 47 11 2 
T-tox G264rl .0 87.04 .0 5.0 91 0 44 0 0 47 
T-tox G238r3 3.3 75.06 .9 10.1 90 3 44 0 3 43 
T-tox G230X 25.0 26.73 16.6 35.7 88 22 44 0 22 22 
T-tox C270 63.7 6.09 52.9 73.6 91 58 13 31 27 20 
T-tox C224? 18.3 30.37 10.9 28.8 82 15 31 7 8 36 
T-tox cl92r 1.1 81.22 .0 7.0 89 1 44 0 1 44 
T-tox B149r4 13.2 46.53 7.3 22.4 91 12 39 5 7 40 
T-tox G98rl 1.1 81.22 .0 7.0 89 1 44 0 1 44 
T-tox G353ml 13.2 46.53 7.3 22.4 91 12 39 5 7 40 
T-tox G353ml 13.2 46.53 7.3 22.4 91 12 39 5 7 40 
T-tox G353m2 3.3 75.71 .8 10.0 91 3 42 2 1 46 
T-tox B88 1.1 83.20 .0 6.8 91 1 43 1 0 47 
T-tox G349 22.0 26.67 14.2 32.2 91 20 36 8 12 35 
T-tox G431-2 12.1 49.58 6.5 21.1 91 11 40 4 7 40 
T-tox 8312-2 12.1 49.58 6.5 21.1 91 11 40 4 7 40 
T-tox G210-2 12.1 49.58 6.5 21.1 91 11 40 4 7 40 
T-tox G131m 12.1 49.58 6.5 21.1 91 11 40 4 7 40 
T-tox G127 38.5 3.96 28.6 49.4 91 35 27 17 18 29 
Cyhl C67 37.8 4.31 28.0 48.8 90 34 25 17 17 31 
Cyhl C210 38.5 4.25 28.6 49.4 91 35 28 14 21 28 
cyhl B149rl 62.6 4.66 51.8 72.7 91 57 17 25 32 17 
cyhl B329 6.6 65.01 2.7 14.4 91 6 39 3 3 46 
Cyhl 823 38.5 4.25 28.6 49.4 91 35 28 14 21 28 
cyhl G237 36.9 4.31 26.8 48.4 84 31 21 17 14 32 
cyhl G300 6.6 65.01 2.7 14.4 91 6 39 3 3 46 
MATl C121 62.2 4.48 51.3 72.3 90 56 15 30 26 19  
MATl c84 65.9 8.14 55.2 75.6 91 60 12 34 26 19  
MATl G98r2 27.9 15.61 19.0 38.9 86 24 35 8 16 27 
MATl 8403 67.0 9.45 56.3 76.6 91 61 11 35 26 19  
Albl C70 28.9 11.74 19.4 40.8 76 22 22 8 14 32 
Albl C53 37.1 5.13 27.3 48.2 89 33 25 13 20 31 
Albl 8120 15.6 39.90 9.1 25.1 90 14 33 5 9 43 
Albl G353m3 15.4 40.89 9.0 24.9 91 14 34 5 9 43 
Albl G3S3m3 15.4 40.89 9.0 24.9 91 14 34 5 9 43 
Albl G384 15.4 40.89 9.0 24.9 91 14 34 5 9 43 
Albl G384X 14.0 26.47 6.7 26.5 57 8 21 5 3 23 
Albl G38 30.0 12.31 21.0 40.8 90 27 26 12 15 37 
Albl G29 37.4 5.80 27.6 48.3 91 34 28 11 23 29 
rDNA C60 60.4 4.05 49.6 70.6 91 55 11 31 24 25 
rDNA mito 63.7 7.31 52.9 73.6 91 58 31 11 47 2 
rDNA 814 63.7 7.31 52.9 73.6 91 58 31 11 47 2 
rDNA G315 .0 87.02 .0 5.0 91 0 42 0 0 49 
rDNA G495 .0 87.02 .0 5.0 91 0 42 0 0 49 
rDNA G172 61.5 4.09 50.7 71.6 91 56 15 27 29 20  
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G32m B107 34.4 7.16 24.9 45.4 90 31 24 18 13 35 
G32m G401 .0 86.03 .0 5.1 90 0 42 0 0 48 
G213 G23arl .0 85.92 .0 5.1 90 0 37 0 0 53 
G213 C270 14.3 42.92 8.1 23.6 91 13 32 5 8 46 
G213 Cl92r 61.8 4.13 50.9 72.0 89 55 13 23 32 21 
G213 G98rl 61.8 4.13 50.9 72.0 89 55 13 23 32 21 
G213 G463 39.6 4.20 29.6 50.5 91 36 26 11 25 29 
G127 G264rl 38.5 3.96 28.6 49.4 91 35 27 18 17 29 
G127 B149r4 38.5 3.97 28.6 49.4 91 35 28 17 18 28 
G127 G98X 34.5 3.94 22.6 49.0 55 19 21 8 11 15 
G127 G98rl 38.2 4.05 28.3 49.3 89 34 28 17 17 27 
G127 G353ml 38.5 3.97 28.6 49.4 91 35 28 17 18 28 
G127 G353ml 38.5 3.97 28.6 49.4 91 35 28 17 18 28 
G127 G214 12.1 49.97 6.5 21.1 91 11 42 3 8 38 
G127 B71 23.1 24.78 15.2 33.4 91 21 31 14 7 39 
G127 B88 37.4 4.84 27.6 48.3 91 34 27 18 16 30 
G127 G431-2 37.4 4.87 27.6 48.3 91 34 29 16 18 28 
G127 B312-2 37.4 4.87 27.6 48.3 91 34 29 16 18 28 
G127 G395X 33.3 5.30 21.7 47.4 57 19 17 12 7 21 
G127 G210-2 37.4 4.87 27.6 48.3 91 34 29 16 18 28 
G127 G131m 37.4 4.87 27.6 48.3 91 34 29 16 18 28 
G127 G395 38.5 3.98 28.6 49.4 91 35 25 20 15 31 
G392-1 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G392-1 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G392-1 B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 B257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 B238m .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 B285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G392-1 G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 B312-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G392-1 G8 6l& .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G210-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G463 62.6 7.45 51.8 72.7 91 57 27 33 24 7 
G392-1 G188 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G386 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G452m .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-1 G241 .0 86.60 .0 5.0 91 0 60 0 0 31 
G392-2 C261 31.8 9.76 22.5 42.9 88 28 35 13 15 25 
G392-2 B246 63.1 4.83 51.8 73.5 84 53 18 29 24 13 
G392-2 G398 65.2 7.43 54.3 75.1 89 58 19 29 29 12 
G392-2 G29 31.5 10.43 22.3 42.4 89 28 35 13 15 26 
G199 C76 33.0 8.50 23.7 43.8 91 30 38 12 18 23 
G199 C50 63.3 6.24 52.5 73.3 90 57 22 28 29 11 
G199 B281 63.7 6.68 52.9 73.6 91 58 22 28 30 11 
G199 G398 23.1 23.94 15.2 33.4 91 21 39 11 10 31 
G199 G451 35.6 5.63 25.9 46.9 87 31 34 13 18 22 
G241 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
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Ml M2 M.U, X2 95% C.I. Scd MM LL LF FL FF 
G241 B114r2 .0 84.65 .0 • 5.1 89 0 58 0 0 31 
G241 B12S .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 8257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 B288m .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 B285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G241 G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 B312-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G241 G8 6ni .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G210-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G463 62.6 7.45 51.8 72.7 91 57 27 33 24 7 
G241 G188 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G386 .0 86.60 .0 5.0 91 0 60 0 0 31 
G241 G452m .0 86.60 .0 5.0 91 0 60 0 0 31 
G300 B149rl 62.6 4.66 51.8 72.7 91 57 17 25 32 17 
G300 B329 .0 87.02 .0 5.0 91 0 42 0 0 49 
G451 C76 1.1 78.89 .1 7.1 87 1 52 0 1 34 
G451 B131r3 39.1 9.07 29.0 50.3 87 34 21 31 3 32 
G451 B13lr2 37.9 4.78 27.9 49.2 87 33 30 22 11 24 
G4S1 B131rl 29.9 12.86 20.8 40.9 87 26 35 17 9 26 
G451 B149r2 29.4 13.08 20.3 40.6 85 25 34 16 9 26 
G451 B285 64.4 5.63 53.3 74.4 87 56 18 34 22 13 
G4S1 G398 32.2 9.42 22.8 43.3 87 28 35 17 11 24 
G451 G419 64.3 5.58 53.0 74.5 84 54 18 32 22 12 
G452m 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G452m B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G452m B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m B257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m B288m .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m B285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G452m G431-1 .0 86.60 .0 5.0 91 0 60 0 ' 0 31 
G452m B312-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G452m G8 6 in .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G210-1 . 0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G463 62.6 7.45 51.8 72.7 91 57 27 33 24 7 
G452m G188 .0 86.60 .0 5.0 91 0 60 0 0 31 
G452m G386 .0 86.60 .0 5.0 91 0 60 0 0 31 
G29 4spore 38.5 4.42 28.6 49.4 91 35 29 22 13 27 
G29 c261 2.2 78.20 .4 8.6 90 2 50 1 1 38 
329 G384X 26.3 12.88 15.9 40.1 57 15 21 12 3 21 
G386 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G386 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G386 B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 B257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G3a6 B288m .0 86.60 .0 5.0 91 0 60 0 0 31 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G386 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 B285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G386 G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 8312-1 .0 86.60 .0 5,0 91 0 60 0 0 31 
G386 G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G386 G8 6m .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 G210-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G386 G463 62.6 7.45 51.8 72.7 91 57 27 33 24 7 
G386 G188 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G188 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G188 B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 B257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 B288m .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 B285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G188 G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 B312-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G188 G86m .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 G210-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G188 G463 62.6 7.45 51.8 72.7 91 57 27 33 24 7 
G38 c70 6.6 53.85 2.4 15.4 76 5 33 2 3 38 
G38 G230X 37.9 7.72 27.9 49.2 87 33 36 4 29 18 
G38 C84 36.7 4.94 26.9 47.7 90 33 23 18 15 34 
G38 C53 36.4 5.55 26.6 47.5 88 32 26 14 18 30 
G38 B429 18.9 32.46 11.7 28.9 90 17 34 7 10 39 
G38 B339 37.8 4.09 28.0 48.8 90 34 23 18 16 33 
G38 B403 33.3 8.17 24.0 44.3 90 30 24 17 13 36 
G38 B277 18.9 32.46 11.7 28.9 90 17 34 7 10 39 
G38 G131X 33.9 4.63 22.2 48.2 56 19 14 13 6 23 
G401 8107 34.1 7.56 24.7 45.0 91 31 24 18 13 36 
G235 G444 .0 86.87 .0 5.0 91 0 36 0 0 55 
G463 B114r2 61.8 6.66 50.9 72.0 89 55 27 24 31 7 
G463 B114rl 18.0 35.33 10.9 27.9 89 16 39 12 4 34 
G463 C253 61.5 4.19 50.7 71.6 91 56 21 30 26 14  
G463 C113 62.6 4.98 51.8 72.7 91 57 20 31 26 14  
G463 8125 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 8257 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 8149rl 61.5 4.42 50.7 71.6 91 56 22 29 27 13 
G463 B288m 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 G492 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 G308 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 G431-1 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 8312-1 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
G463 G86m 62.6 7..4 5 51.8 72.7 91 57 27 24 33 7 
G463 B301 62.5 4.38 51.5 72.7 88 55 19 32 23 14 
G463 G210-1 62.6 7.45 51.8 72.7 91 57 27 24 33 7 
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Ml M2 M.U. X2 95% C.I. Scd MM Ui LF FL FF 
G172 G449ro 14.0 26.84 6.7 26.5 57 8 24 3 5 25 
G172 G315 61.5 4.09 50.7 71.6 91 56 15 29 27 20 
G172 3264 61.5 3.96 50.7 71.6 91 56 17 27 29 18 
G172 B84 25.3 20.68 17.0 35.8 91 23 35 9 14 33 
G172 G495 61.5 4.09 50.7 71.6 91 56 15 29 27 20 
G172 B6 .0 86. 04 .0 5.1 90 0 44 0 0 46 
B233X G395 62.5 4.07 51.5 72.7 88 55 16 33 22 17 
G19 B21 33.0 9,27 23.7 43.8 91 30 28 17 13 33 
G19 C193 26.4 18.47 17.9 36.9 91 24 33 12 12 34 
G19 8416 37.4 4.85 27.6 48.3 91 34 26 19 15 31 
G237 c3 65.0 5.87 53.5 75.4 80 52 11 21 31 17 
G237 84 1.2 75.08 .1 7.5 83 1 35 0 1 47 
G395 G264r2 25.3 19.43 16.8 36.1 87 22 30 9 13 35 
G395 8160 26.4 18.86 17.9 36.9 91 24 31 9 15 36 
G395 8272 62.2 3.90. 51.3 72.3 90 56 17 22 34 17 
G395 843 13.2 45.88 7.3 22.4 91 12 34 6 6 45 
G395 891 62.6 4.56 51.8 72.7 91 57 16 24 33 18 
G395 8301 61.4 3.99 50.4 71.7 88 54 13 25 29 21 
G395 G395X .0 52.97 .0 7.8 57 0 24 0 0 33 
G471 C207X 38.6 4.30 28.3 50.1 83 32 23 10 22 28 
G471 C121 20.0 29.72 12.6 30.1 90 18 29 6 12 43 
G471 C246 25.0 20.53 16.6 35.7 88 22 28 7 15 38 
G471 C188 59.3 3.88 48.5 69.6 91 54 10 26 28 27 
G471 8154 16.5 38.71 9.8 26.1 91 15 32 4 11 44 
G471 G214 63.7 5.18 52.9 73.6 91 58 14 22 36 19 
G471 G144 26.3 18.12 17.3 37.6 80 21 27 5 16 32 
G471 8301 13.6 44.21 7.5 23.1 88 12 33 3 9 43 
G471 G131X 31.6 5.26 20.3 45.6 57 18 13 11 7 26 
G131X C67 66.1 7.14 52.1 78.4 56 37 3 17 20 16 
G131X 8149r3 32.1 4.29 20.3 46.8 53 17 12 8 9 24 
G131m G264rl 12.1 49.58 6.5 21.1 91 11 40 7 4 40 
G131m G238r3 13.3 45.44 7.4 22.6 90 12 41 6 6 37 
G131m G238r2 62.6 4.94 51.8 72.7 91 57 19 28 29 15 
G131m G230X 33.0 11.05 23.5 44.0 88 29 41 4 25 18 
G131m C173 38.5 4.09 28.6 49.4 91 35 27 20 15 29 
G131m C226 62.2 4.65 51.3 72.3 90 56 20 27 29 14 
G131m C224? 4.9 63.37 1.6 12.7 82 4 38 3 1 40 
G131m cl92r 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
G131m C207 63.5 5.64 52.3 73.8 85 54 20 24 30 11 
G131m 8149r4 1.1 83.21 .0 6.8 91 1 46 1 0 44 
G131m G98rl 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
G131m G353ml 1.1 83.21 .0 6.8 91 1 46 1 0 44 
G131m G353ml 1.1 83.21 .0 6.8 91 1 46 1 0 44 
G131m G353m2 13.2 46.86 7.3 22.4 91 12 39 8 4 40 
G131m 888 11.0 52.79 5.7 19.8 91 10 40 7 3 41 
G131m G349 31.9 10.49 22.7 42.7 91 29 33 14 15 29 
G131m G431-2 .0 87.04 .0 5.0 91 0 47 0 0 44 
G131m 8312-2 .0 87.04 .0 5.0 91 0 47 0 0 44 
G131m G210-2 .0 87.04 .0 5.0 91 0 47 0 0 44 
G384X C261 29.8 9.28 18.8 43.8 57 17 20 4 13 20 
FF 
2 6  
33 
33 
33 
33 
19 
24 
17 
32 
23 
31 
31 
31 
31 
31 
31 
11 
31 
31 
10 
31 
40 
37 
15 
18 
29 
14 
40 
37 
11 
44 
37 
44 
44 
40 
41 
29 
44 
44 
23 
24 
20 
2 8  
13 
44 
31 
22 
35 
2 8  
20 
143 
)5:25: 11 Data file; tl 
M.U. X2 95% C.I. Scd MM LL LF 
33.3 3.97 21.7 47.4 57 19 12 12 
.0 51.94 .0 8.0 56 0 23 0 
.0 52.97 .0 7.8 57 0 24 0 
.0 52.97 .0 7.8 57 0 24 0 
.0 52.97 .0 7.8 57 0 24 0 
35.7 3.89 23.7 50.0 56 20 17 7 
14.3 25.95 6.8 26.9 56 8 24 3 
62.2 4.43 51.3 72.3 90 56 17 27 
25.6 19.93 17.2 36.1 90 23 35 9 
35.2 13.66 25.6 46.1 91 32 31 29 
.0 84.65 .0 5.1 89 0 58 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
. .0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
63.7 5.31 52.9 73.6 91 58 22 38 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
64.8 6.50 53.8 74.8 88 57 21 36 
.0 86.60 .0 5.0 91 0 60 0 
12.1 49.58 6.5 21.1 91 11 40 7 
13.3 45.44 7.4 22.6 90 12 41 6 
62.6 4.94 51.8 72.7 91 57 19 28 
33.0 11.05 23.5 44.0 88 29 41 4 
38.5 4.09 28.6 49.4 91 35 27 20 
62.2 4.65 51.3 72.3 90 56 20 27 
4.9 63.37 1.6 12.7 82 4 38 3 
13.5 44.66 7.5 22.8 89 12 40 7 
63.5 5.64 52.3 73.8 85 54 20 24 
1.1 83.21 .0 6.8 91 1 46 1 
13.5 44.66 7.5 22.8 ' 89 12 40 7 
1.1 83.21 .0 6.8 91 1 46 1 
1.1 83.21 .0 6.8 91 1 46 1 
13.2 46.86 7.3 22.4 91 12 39 8 
11.0 52.79 5.7 19.8 91 10 40 7 
31.9 10.49 22.7 42.7 91 29 33 14 
.0 87.04 .0 5.0 91 0 47 0 
.0 87.04 .0 5.0 91 0 47 0 
28.6 8.41 17.7 42.7 56 16 17 7 
28.1 8.94 17.4 42.0 57 16 17 7 
35.1 4.32 23.2 49.2 57 20 17 7 
15.8 23.54 7.9 28.5 57 9 20 4 
64.9 4.32 51.1 77.3 57 37 7 17 
5.7 64.59 2.1 13.5 87 5 38 3 
31.8 9.82 22.3 43.0 85 27 27 14 
61.4 4.13 50.4 71.7 88 54 12 30 
26.1 18.06 17.6 36.9 88 23 30 12 
28.6 12.71 19.1 40.3 77 22 27 9 
63.6 5.90 52.6 73.7 88 56 12 30 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G36m 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G86in B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G36m B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G8 6ni 8257 .0 86.60 .0 5.0 51 0 60 0 0 31 
G86m 8288m .0 86.60 .0 5.0 91 0 60 0 0 31 
G8 6m G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G8 6ni G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G8 6in 8285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G86in G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
GS 6 ID 8312-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
G86m G419 64.8 6.50 53.8 74.8 88 57 21 36 21 10 
G242 8411 .0 86.04 .0 5.1 90 0 45 0 0 45 
G242 c64 3.4 73.75 .9 10.3 89 3 42 1 2 44 
G242 8246 24.4 20.48 16.1 35.2 86 21 31 10 11 34 
G419 B114r2 65.1 6.62 54.0 75.2 86 56 20 21 35 10 
G419 C76 63.6 5.34 52.6 73.7 88 56 20 22 34 12 
G419 8125 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 8257 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 B288m 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 G492 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 G308 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 8285 5.7 65.84 2.1 13.4 88 5 •3 8 4 1 45 
G419 G431-1 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
G419 8312-1 64.8 6.50 53.8 74.8 88 57 21 21 36 10 
B312-1 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
B312-1 8114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
B312-1 8125 .0 86.60 .0 5.0 91 0 60 0 0 31 
B312-1 8257 .0 86.60 .0 5.0 91 0 60 0 0 31 
B312-1 8288m .0 86.60 .0 5.0 91 0 60 0 0 31 
8312-1 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
B312-1 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
B312-1 8285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
B312-1 G431-1 .0 86.60 .0 5.0 91 0 60 0 0 31 
B312-2 G264rl 12.1 49.58 6.5 21.1 91 11 40 7 4 40 
B312-2 G238r3 13.3 45.44 7.4 22.6 90 12 41 6 6 37 
B312-2 G238r2 62.6 4.94 51.8 72.7 91 57 19 28 29 15 
B312-2 G230X 33.0 11.05 23.5 44.0 88 29 41 4 25 18 
B312-2 C173 38.5 4.09 28.6 49.4 91 35 27 20 15 29 
B312-2 C226 62.2 4.65 51.3 72.3 90 56 20 27 29 14 
B312-2 C224? 4.9 63.37 1.6 12.7 82 4 38 3 1 40 
B312-2 cl92r 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
B312-2 C207 63.5 5.64 52.3 73.8 85 54 20 24 30 11 
8312-2 B149r4 1.1 83.21 .0 6.8 91 1 46 1 0 44 
8312-2 G98rl 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
B312-2 G3S3ml 1.1 83.21 .0 6.8 91 1 46 1 0 44 
B312-2 G353ml 1.1 83.21 .0 6.8 91 1 46 1 0 44 
B312-2 G353m2 13.2 46.86 7.3 22.4 91 12 39 8 4 40 
8312-2 888 11.0 52.79 5.7 19.8 91 10 40 7 3 41 
8312-2 G349 31.9 10.49 22.7 42.7 91 29 33 14 15 29 
B312-2 G431-2 .0 87.04 .0 5.0 91 0 47 0 0 44 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G431-1 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
G431-1 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
G431-1 B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
G431-1 B257 .0 86.60 .0 5.0 91 0 60 0 0 31 
G431-1 B288m .0 86.60 .0 5.0 91 0 60 0 0 31 
G431-1 G492 .0 86.60 .0 5.0 91 0 60 0 0 31 
G431-1 G308 .0 86.60 .0 5.0 91 0 60 0 0 31 
G431-1 8285 63.7 5.31 52.9 73.6 91 58 22 38 20 11 
G431-2 G264rl 12.1 49.58 6.5 21.1 91 11 40 7 4 40 
G431-2 G238r3 13.3 45.44 7.4 22.6 90 12 41 6 6 37 
G431-2 G238r2 62.6 4.94 51.8 72.7 91 57 19 28 29 15 
G431-2 G230X 33.0 11.05 23.5 44.0 88 29 41 4 25 18 
G431-2 C173 38.5 4.09 28.6 49.4 91 35 27 20 15 29 
G431-2 C226 62.2 4.65 51.3 72.3 90 56 20 27 29 14 
G431-2 C224? 4.9 63.37 1.6 12.7 82 4 38 3 1 40 
G431-2 cl92r 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
G431-2 C207 63.5 5.64 52.3 73.8 85 54 20 24 30 11 
G431-2 B149r4 1.1 83.21 .0 6.8 91 1 46 1 0 44  
G431-2 G98rl 13.5 44.66 7.5 22.8 89 12 40 7 5 37 
G431-2 G353ml 1.1 83.21 .0 6.8 91 1 46 1 0 44  
G431-2 G353ml 1.1 83.21 .0 6.8 91 1 46 1 0 44  
G431-2 G353m2 13.2 46.86 7.3 22.4 91 12 39 8 4 40  
G431-2 B88 11.0 52.79 5.7 19.8 91 10 40 7 3 41 
G431-2 G349 31.9 10.49 22.7 42.7 91 29 33 14 15 29 
G349 G264rl 22.0 26.67 14.2 32.2 91 20 36 12 8 35 
G349 G238r3 23.3 23.39 15.3 33.8 90 21 37 11 10 32 
G349 G230X 33.0 9.51 23.5 44.0 88 29 42 5 24  17 
G349 C270 65.9 7.79 55.2 75.6 91 60 14 34 26 17 
G349 C224? 32.9 8.50 23.2 44.5 82 27 28 16 11 27 
G349 C155 32.6 9.14 23.1 43.8 86 28 30 15 13 28  
G349 cl92r 23.6 22.82 15.5 34.1 89 21 36 12 9 32  
G349 c28 36.0 6.38 26.2 47.0 89 32 27 20 12 30 
G349 B149r4 33.0 9.24 23.7 43.8 91 30 32 16 14 29 
G349 B149r3 38.4 4.07 28.3 49.7 86 33 23 21 12 30 
G349 G98rl 21.3 27.06 13.6 31.7 89 19 37 11 8 33  
G349 G353ml 30.8 11.96 21.7 41.6 91 28 33 15 13 30 
G349 G353ml 30.8 11.96 21.7 41.6 91 28 33 15 13 30 
G349 G353m2 23.1 24.71 15.2 33.4 91 21 35 13 3 35 
G349 G309 37.4 5.22 27.6 48.3 91 34 27 21 13 30  
G349 B88 23.1 24.71 15.2 33.4 91 21 35 13 8 35  
G397? C253 63.7 5.97 52.9 73.6 91 58 19 30 28 14 
G397? C116 61.6 3.91 50.5 72.0 86 53 19 26 27 14  
B4I6 B21 28.6 14.61 19.8 39.3 91 26 28 13 13 37 
B416 C193 33.0 9.27 23.7 43.8 91 30 28 13 17 33  
B416 Bl31rl 38.5 4.23 28.6 49.4 91 35 27 14 21 29 
B416 B149r2 38.2 4.41 28.3 49.3 89 34 26 13 21 29 
B3 46m c60 18.7 31.09 11.6 28.6 91 17 27 9 8 47  
B346m B149r2 38.2 4.76 28.3 49.3 89 34 24 11 23 31  
B346m B380 29.4 12.03 20.3 40.6 85 25 23 10 15 37 
G495 c60 60.4 4.05 49.6 70.6 91 55 11 31 24 25 
FF 
2 
2 
49 
39 
25 
14 
2 6  
14 
25 
36 
29 
11 
30 
13 
11 
11 
11 
11 
11 
19 
14 
14 
42 
26 
36 
39 
2 2  
17 
40 
27 
9 
32 
31 
28 
31 
31 
31 
31 
31 
34 
33 
2 0  
20 
26 
27 
42 
31 
31 
31 
31 
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}5:26: 08 Data file; tl 
M.U. X2 95% C.I. Scd MM LL LF 
63.7 7.31 52.9 73.6 91 58 31 11 
63.7 7.31 52.9 73.6 91 58 31 11 
.0 87.02 .0 5.0 91 0 42 0 
2.2 78.42 .4 8.6 90 2 49 0 
8.8 35.55 3.3 20.1 57 5 27 3 
61.5 4.25 50.7 71.6 91 56 21 28 
38.8 3.88 28.6 50.2 85 33 26 21 
61,5 4.25 50.7 71.6 91 56 21 28 
29.7 13.01 20.8 40.4 91 27 39 10 
38.5 6.55 28.6 49.4 91 35 20 29 
35.2 7.14 25.6 46.1 91 32 30 19 
64.0 5.43 53.1 74.0 89 57 21 20 
38.5 3.96 28.6 49.4 91 35 26 16 
63.7 5.34 52.9 73.6 91 58 20 22 
63.7 5.31 52.9 73.6 91 58 22 20 
63.7 5.31 52.9 73.6 91 58 22 20 
63.7 5.31 52.9 73.6 91 58 22 20 
63.7 5.31 52.9 73.6 91 58 22 20 
63.7 5.31 52.9 73.6 91 58 22 20 
62.2 4.53 51.3 72.3 90 56 15 29 
67.0 9.24 56.3 76.6 91 61 16 29 
66.3 8.18 55.4 76.1 89 59 16 28 
.0 87.02 .0 5.0 91 0 49 0 
38.5 3.96 28.6 49.4 91 35 30 19 
13.3 45.45 7.4 22.6 90 12 42 7 
17.2 35.18 10.3 27.3 87 15 33 5 
61.1 4.05 50.2 71.3 90 55 13 27 
62.8 4.41 51.7 73.1 86 54 15 23 
17.6 36.39 10.7 27.4 91 16 35 5 
39.1 3.88 29.0 50.3 87 34 26 12 
66.7 5.08 52.8 78.8 57 38 10 19 
37.4 5.06 27.6 48.3 91 34 25 21 
27.5 16.75 18.9 38.1 91 25 35 11 
35.2 13.66 25.6 46.1 91 32 31 29 
.0 84.65 .0 5.1 89 0 58 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
23.5 21.70 15.3 34.3 85 20 31 10 
26.2 17.10 17.5 37,2 84 22 29 11 
61.4 3.87 50.1 72.0 83 51 12 25 
31.4 6.10 19.5 46.3 51 16 15 5 
37.3 5.22 27.2 48.9 83 31 26 10 
36.9 5.35 26.3 48.4 84 31 26 11 
17.6 32.56 10.5 27.8 85 15 28 10 
34.5 6.70 24.7 45.9 84 29 24 13 
34.1 7.26 24.4 45.4 85 29 25 13 
34.1 7.26 24.4 45.4 85 29 25 13 
34.1 7.26 24.4 45.4 85 29 25 13 
FF 
27 
25 
2 
2 
47 
43 
2 2  
21 
37 
44 
41 
44 
41 
41 
47 
28 
31 
31 
31 
31 
36 
11 
11 
14 
12 
30 
21 
46 
31 
13 
13 
45 
49 
51 
38 
40 
30 
29 
30 
28 
19 
2 8  
28 
32 
2 8  
27 
35 
35 
11 
33 
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M.U. X2 95% C.I. Scd MM LL LF 
36.9 5.11 26.8 48.4 84 31 26 12 
60.4 4.05 49.6 70.6 91 55 11 31 
63.7 7.31 52.9 73.6 91 58 31 11 
63.7 7.31 52.9 73.6 91 58 31 11 
1.1 83.20 .0 6.8 91 1 43 0 
4.4 71.71 1.4 11.6 90 4 43 0 
26.1 25.48 17.6 36.9 88 23 43 0 
62.6 5.22 51.8 72.7 91 57 13 30 
17.1 32.87 10.0 27.4 82 14 31 6 
2.2 77.57 .4 8.7 89 2 43 0 
12.1 49.57 6.5 21.1 91 11 39 4 
2.2 77.57 .4 8.7 89 2 43 0 
12.1 49.57 6.5 21.1 91 11 39 4 
12.1 49.57 6.5 21.1 91 11 39 4 
2.2 79.36 .4 8.5 91 2 42 1 
35.2 13.66 25.6 46.1 91 32 31 29 
.0 84.65 .0 5.1 89 0 58 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
10.3 51.74 5.1 19.3 87 9 42 6 
61.2 4.11 50.0 71.7 85 52 22 25 
62.8 5.35 51.7 73.1 86 54 21 27 
64.1 5.05 52.4 74.8 78 50 14 27 
62.8 5.09 51.7 73.1 86 54 20 27 
22.4 21.24 13.9 33.8 76 17 29 10 
27.3 21.88 18.6 38.1 88 24 43 1 
.0 86.04 .0 5.1 90 0 44 0 
35.2 8.00 25.6 46.1 91 32 28 10 
39.6 10.92 29.6 50.5 91 36 42 36 
.0 83.02 .0 5.0 91 0 78 0 
13.2 45.88 7.3 22.4 91 12 34 6 
1.1 81.12 .0 7.0 89 1 39 1 
.0 81.91 .0 5.3 86 0 35 0 
1.1 80.10 .0 7.1 88 1 49 0 
.0 85.00 .0 5.1 89 0 49 0 
22.2 22.85 14.0 33.2 81 18 33 10 
23.8 20.86 15.5 34.7 84 20 35 11 
25.6 18.77 17.0 36.4 86 22 34 13 
36.0 6.21 26.2 47.0 89 32 29 19 
16.7 21.02 8.4 30.0 54 9 26 4 
35.6 6.66 25.9 46.6 90 32 30 19 
35.6 6.66 25.9 46.6 90 32 30 19 
24.4 21.68 16.3 35.0 90 22 36 13 
35.6 6.66 25.9 46.6 90 32 30 19 
34.2 7.15 24.1 46.0 79 27 25 17 
6.5 54.90 2.4 15.2 77 5 37 3 
8.8 51.49 3.9 17.8 80 7 38 5 
62.5 4.49 50.9 73.2 80 50 19 24 
33.7 8.54 24.2 44.7 89 30 26 11 
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27 
36 
48 
48 
48 
36 
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38 
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31 
31 
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15 
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11 
39 
43 
39 
34 
21 
26 
14 
27 
25 
24 
14 
27 
27 
36 
48 
48 
46 
42 
22 
37 
43 
40 
43 
41 
41 
40 
37 
15 
18 
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35:27: 00 Data file: tl 
M.U. X2 95% C, .1. Scd MM LL LF 
36.3 5.07 26.6 47.2 91 33 22 15 
34.8 7.62 25.2 45.9 39 31 31 11 
36.7 5.68 26.9 47.7 90 33 30 13 
35.2 6.62 25.6 46.1 91 32 23 20 
.0 86.03 .0 5.1 90 0 42 0 
.0 87.03 .0 5.0 91 0 43 0 
.0 87.03 .0 5.0 91 0 43 0 
33.3 a. 17 24.0 44.3 90 30 24 13 
9.9 54.44 4.9 18.4 91 9 33 4 
24.7 21.99 16.4 35.3 89 22 29 6 
36.3 5.07 26.6 47.2 91 33 22 15 
35.2 13.66 25.6 46.1 91 32 31 29 
.0 84.65 .0 5.1 89 0 58 0 
.0 36.60 .0 5.0 91 0 60 0 
.0 86.60 .0 5.0 91 0 60 0 
62.9 4.95 52.0 73.0 89 56 17 29 
25.8 18.91 17.4 36.5 89 23 37 9 
64.4 6.43 53.6 74.3 90 58 17 29 
24.4 21.57 16.3 35.0 90 22 37 9 
3.7 67.16 .9 11.1 82 3 39 0 
62.4 4.82 51.1 72.7 85 53 21 24 
3.5 69.76 .9 10.7 85 3 43 1 
.0 83.05 .0 5.3 87 0 44 0 
35.2 8.71 25.6 46.1 91 32 20 26 
27.5 16.31 18.9 38.1 91 25 32 14 
14.5 25.36 6.9 27.4 55 8 26 2 
36.3 5.73 26.6 47.2 91 33 32 18 
65.9 7.64 54.9 75.8 88 58 16 31 
33.7 7.90 24.1 45.0 86 29 30 16 
37.4 4.68 27.6 48.3 91 34 32 18 
37.1 4.75 27.3 48.2 89 33 32 18 
67.0 9.04 56.3 76.6 91 61 16 34 
34.8 7.62 25.2 45.9 89 31 31 11 
36.7 5.68 26.9 47.7 90 33 30 13 
35.2 6.62 25.6 46.1 91 32 23 20 
.0 86.03 .0 5.1 90 0 42 0 
.0 87.03 .0 5.0 91 0 43 0 
3.3 75.71 .8 10.0 91 3 42 1 
6.7 64.73 2.7 14.5 90 6 42 1 
26.1 25.48 17.6 36.9 88 23 43 0 
17.1 32.87 10.0 27.4 82 14 31 6 
4.5 70.27 1.4 11.8 89 4 42 1 
14.3 43.83 8.1 23.6 91 13 38 5 
4.5 70.27 1.4 11.8 89 4 42 1 
12.1 49.57 6.5 21.1 91 11 39 4 
12.1 49.57 6.5 21.1 91 11 39 4 
13.2 46.53 7.3 22.4 91 12 39 7 
14.4 42.69 8.2 23.9 90 13 40 6 
63.7 5.86 52.9 73.6 91 58 18 28 
34.1 10.24 24.5 45.2 88 30 40 4 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G353ml C173 37.4 4.91 27.6 48.3 91 34 27 19 15 30 
G353ml C224? 3.7 66.80 .9 11.1 82 3 38 2 1 41 
G353ml Cl92r 14.6 41.82 8.3 24.1 89 13 39 7 6 37 
G353ml C207 62.4 4.47 51.1 72.7 85 53 20 23 30 12 
G353ml B149r4 2.2 79.39 .4 8.5 91 2 45 1 1 44 
G353ml G98rl 14.6 41.82 8.3 24.1 89 13 39 7 6 37 
G353ml G353ml .0 87.04 .0 5.0 91 " 0 46 0 0 45 
G353m3 B421r3 34.8 7.62 25.2 45.9 89 31 31 11 20 27 
G353m3 B421rl 36.7 5.68 26.9 47.7 90 33 30 13 20 27 
G353m3 C60 35.2 6.62 25.6 46.1 91 32 23 20 12 36 
G353m3 B120 .0 86.03 .0 5.1 90 " 0 42 0 0 48 
G353ml G264rl 13.2 46.53 7.3 22.4 91 12 39 7 5 40 
G353ml G238r3 14.4 42.69 8.2 23.9 90 13 40 6 7 37 
G353ml G238r2 63.7 5.86 52.9 73.6 91 58 18 28 30 15 
G353ml G230X 34.1 10.24 24.5 45.2 88 30 40 4 26 18 
G353ml C173 37.4 4.91 27.6 48.3 91 34 27 19 15 30 
G353ml C224? 3.7 66.80 .9 11.1 82 3 38 2 1 41 
G353ml cl92r 14.6 41.82 8.3 24.1 89 13 39 7 6 37 
G353ml C207 62.4 4.47 51.1 72.7 85 53 20 23 30 12 
G353ml B149r4 2.2 79.39 .4  8.5 91 2 45 1 1 44 
G353ml G98rl 14.6 41.82 8.3 24.1 89 13 39 7 6 37 
B339 C253 38.5 4.19 28.6 49.4 91 35 26 14 21 30 
B339 C70 35.5 5.09 25.1 47.6 76 27 21 12 15 28 
B339 B405 37.4 4 .38 27.6 48.3 91 34 23 17 17 34 
B339 C188 37.4 4.22 27.6 48.3 91 34 22 18 16 35 
B339 C53 18.0 34.68 10.9 27.9 89 16 34 5 11 39 
mito C173 39.6 10.92 29.6 50.5 91 36 42 36 0 13 
G98rl G264rl 1.1 81.22 .0 7.0 89 1 44 1 0 44 
G98rl G238r3 4.5 69.25 1.5 11.9 88 4 44 1 3 40 
G98rl G238rl 62.5 4.53 51.5  72 .7  88 55 13 32 23 20 
G98rl G230X 25.6 22.74  17.0 36.4 86 22 44 1 21 20 
G98rl C270 65.2 7.06 54.3 75.1 89 58 13 32 26 18 
G98rl C224? 20.0 26.43 12.2  30.8 80 16 31 8 8 33 
G98rl cl92r 2 . 3  76.40 .4 8 . 7  88 2 44 1 1 42 
G98rl B149r4 14.6 41.82 8.3 24.1 89 13 39 6 7 37 
G98r2 C193 36.0 6.03 26.2 47.3 86 31 31 20 11 24 
G98X B421F3 16.4 21.76 8.2 29.5 55 9 27 5 4 19 
G98X B421rl 16.4 21.76 8.2 29.5 55 9 27 5 4 19 
G98X C206 10.4 26.98 3.9 23.6 48 5 23 3 2 20 
G98X c74 12.2 24.79 5.1 25.6 49 6 25 4 2 18 
G98X C9 13.7 24.30 6.1 27.0 51 7 24 5 2 20 
G98X B131r2 32.7 5.73 21.0 47.1 55 18 20 12 6 17 
B281 C188 26.4 21.46 17.9 36.9 91 24 33 19 5 34 
B281 C206 37.8 3.91 27.5 49.4 82 31 28 17 14 23 
B281 c50 .0 85.97 .0 5.1 90 0 51 0 0 39 
B329 Bl49rl 62.6 4.66 51.8 72.7 91 57 17 25 32 17 
B154 C121 32.2 9.77 23.0 43.1 90 29 27 15 14 34 
B154 C246 10.2 52.73 5.1 19.0 88 9 37 3 6 42 
B149rl B114rl 64.0 5.87 53.1 74.0 89 57 17 31 26 15 
B149r2 c253 38.2 3.96 28.3 49.3. 89 34 30 17 17 25 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
B149r2 C53 34.5 7.18 24.8 45.7 87 30 30 16 14 27 
B149r2 C76 28.1 15.25 19.3 38.9 89 25 38 9 16 26 
B149r2 B131r3 24.7 28.49 16.4 35.3 89 22 25 22 0 42 
B149r2 B131rl .0 85.03 .0 5.1 89 0 47 0 0 42 
B149r3 B405 12.8 43.65 6.9 22.2 86 11 30 5 6 45 
B149r3 C28 1.2 75.99 .1 7.4 84 1 34 1 0 49 
B149r4 G264rl 13.2 46.53 7.3 22.4 91 12 39 7 5 40 
B149r4 G238r3 14.4 42.69 8.2 23.9 90 13 40 6 7 37 
B149r4 G238r2 63.7 5.86 52.9 73.6 91 58 18 28 30 15 
B149r4 G230X 34.1 10.24 24.5 45.2 88 30 40 4 26 18 
B149r4 C173 37.4 4.91 27.6 48.3 91 34 27 19 15 30 
B149r4 C224? 6.1 59.77 2.3 14.3 82 5 37 3 2 40 
B149r4 Cl92r 14.6 41.82 8.3 24.1 89 13 39 7 6 37 
B149r4 C207 62.4 4.47 51.1 72.7 85 53 20 23 30 12 
B257 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
8257 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
B257 B125 .0 86.60 .0 5.0 91 0 60 0 0 31 
B120 B421r3 35.2 7.17 25.5 46.4 88 31 30 11 20 27 
B120 B421rl 37.1 5.27 27.3 48.2 89 33 29 13 20 27 
B120 C173 37.8 4.31 28.0 48.8 90 34 25 17 17 31 
B120 c60 35.6 6.03 25.9 46.6 90 32 22 20 12 36 
B160 G264r2 1.1 79.22 .1 7.1 87 1 42 0 1 44 
B12S 2spore 35.2 13.66 25.6 46.1 91 32 31 29 3 28 
B125 B114r2 .0 84.65 .0 5.1 89 0 58 0 0 31 
B131rl C253 38.5 3.91 28.6 49.4 91 35 30 18 17 26 
B131rl c53 36.0 5.93 26.2 47.0 89 32 30 17 15 27 
B131rl c76 28.6 14.96 19.8 39.3 91 26 39 9 17 26 
B131rl B131r3 24.2 30.01 16.1 34.6 91 22 26 22 0 43 
B131r2 c206 31.7 9.88 22.1 43.2 82 26 26 10 16 30 
B131r2 c74 29.4 12.90 20.3 40.6 85 25 31 11 14 29 
B131r2 c9 25.3 19.38 16.8 36.1 87 22 32 10 12 33 
B131r2 c76 36.3 6.79 26.6 47.2 91 33 33 10 23 25 
B131r2 B131r3 18.7 37.72 11.6 28.6 91 17 26 17 0 48 
B131r3 c70 36.8 4.27 26.3 48.9 76 28 15 7 21 33 
B131r3 C206 37.8 5.77 27.5 49.4 82 31 16 5 26 35 
B131r3 C74 35.3 8.93 25.4 46.7 85 30 20 5 25 35 
B131r3 C53 39.3 4.12 29.3 50.4 89 35 18 8 27 36 
B131r3 C9 33.3 10.56 23.8 44.5 87 29 20 5 24 38 
B131r3 c76 37.4 12.80 27.6 48.3 91 34 24 2 32 33 
B429 C70 22.4 21.24 13.9 33.8 76 17 29 10 7 30 
B429 G230X 27.6 21.38 18.8 38.5 87 24 42 1 23 21 
C50 Cl88 26.7 20.74 18.1 37.3 90 24 32 19 5 34 
C50 C206 37.8 3.91 27.5 49.4 82 31 28 17 14 23 
c9 B421r4 63.5 5.18 52.3 73.8 85 54 16 28 26 15 
c9 B421r3 27.1 16.11 18.3 38.1 85 23 35 9 14 27 
c9 B421r2 65.1 6.73 54.0 75.2 86 56 16 28 28 14 
c9 B421rl 25.6 18.65 17.0 36.4 86 22 35 9 13 29 
c9 C206 2.6 66.64 .4 9.8 78 2 37 0 2 39 
c9 C207 62.2 4.39 50.8 72.8 82 51 20 23 28 11 
c9 c74 2.4 72.40 .4 9.1 84 2 43 1 1 39 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
c64 8411 3.4 72.76 .9 10.4 88 3 42 2 1 43 
c53 c70 36.5 4.34 25.8 48.8 74 27 22 14 13 25 
c53 c84 34.8 7.40 25.2 45.9 89 31 25 20 11 33 
C193 821 13.2 46.75 7.3 22.4 91 12 37 8 4 42 
c72 C210 13.3 45.45 7.4 22.6 90 12 42 5 7 36 
c74 B421r4 66.3 7.44 55.0 76.4 83 55 15 30 25 13 
C74 B421r3 25.3 17.87 16.7 36.4 83 21 36 9 12 26 
c74 8421r2 67.9 9.38 56.7 77.7 84 57 15 30 27 12 
C74 8421rl 23.8 20.69 15.5 34.7 84 20 36 9 11 28 
C74 C206 .0 72.05 .0 6.0 76 0 39 0 0 37 
C207 c207X 5.2 58.11 1.7 13.5 77 4 42 3 1 31 
C2 07 C226 2.4 72.37 .4 9.1 84 2 47 2 0 35 
C60 C155 36.0 5.89 26.2 47.3 86 31 23 11 20 32 
c28 8405 12.4 47.05 6.6 21.5 89 11 34 5 6 44 
Cl92r G264rl 1.1 81.22 .0 7.0 89 1 44 1 0 44 
Cl92r G238r3 4.5 69.25 1.5 11.9 88 4 44 1 3 40 
cl92r G238rl 62.5 4.53 51.5 72.7 88 55 13 32 23 20 
cl92r G230X 24.4 25.94 16.1 35.2 86 21 45 0 21 20 
cl92r C270 62.9 4.97 52.0 73.0 89 56 14 31 25 19 
cl92r C224? 18.8 28.77 11.2 29.5 80 15 31 8 7 34 
C155 C253 19.8 29.09 12.2 30.1 86 17 35 8 9 34 
C155 c67 20.0 28.42 12.4 30.5 85 17 33 10 7 35 
C155 C116 37.0 4.45 26.8 48.7 81 30 27 14 16 24 
c224? G264rl 18.3 30.37 10.9 28.8 82 15 31 8 7 36 
C224? G238r3 19.8 27.36 12.0 30.5 81 16 32 7 9 33 
C224? G238r2 65.9 6.94 54.5 76.1 82 54 14 25 29 14 
C224? G230X 39.2 4.90 28.6 51.1 79 31 32 5 26 16 
c206 C253 37.8 3.91 27.5 49.4 82 31 28 14 17 23 
c206 G449m 66.0 3.93 51.2 79.1 50 33 9 16 17 8 
C206 B421r4 63.8 5.07 52.2 74.3 80 51 16 26 25 13 
C206 B421r3 23.8 19.86 15.2 34.9 80 19 34 8 11 27 
C206 B421r2 65.4 6.67 54.0 75.8 81 53 16 26 27 12 
C206 B421rl 22.2 22.75 14.0 33.2 81 18 34 8 10 29 
c226 C207X 1.2 74.19 .1 7.5 82 1 44 0 1 37 
C261 4spore 36.7 5.91 26.9 47.7 90 33 30 21 12 27 
C188 4spore 61.5 4.62 50.7 71.6 91 56 12 26 30 23 
B421rl B421r3 1.1 81.08 .0 7.0 89 1 50 0 1 38 
B421r2 B421r4 1.1 81.22 .0 7.0 89 1 44 1 0 44 
C113 C210 38.5 3.96 28.6 49.4 91 35 30 16 19 26 
B405 C246 37.5 4.50 27.6 48.7 88 33 25 15 18 30 
C116 C253 17.4 33.79 10.4 27.5 86 15 38 8 7 33 
C116 C67 27.1 16.45 18.3 38.1 85 23 32 14 9 30 
C270 G264r2 37.9 4.16 27.9 49.2 87 33 24 14 19 30 
c270 G264rl 63.7 6.C9 52.9 73.6 91 58 13 27 31 20 
C270 G238r3 62.2 4.30 51.3 72.3 90 56 15 24 32 19 
C270 G238rl 14.4 42.13 8.2 23.9 90 13 32 8 5 45 
G230X C70 37.8 5.72 27.0 50.1 74 28 31 24 4 15 
G230X G264rl 25.0 26.73 16.6 35.7 88 22 44 22 0 22 
G230X G238r3 23.0 26.42 14.9 33.6 87 20 46 19 1 21 
G238rl 4spore 37.8 3.99 28.0 48.8 90 34 22 15 19 34 
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Ml M2 M.U. X2 95% C.I. Scd MM LL LF FL FF 
G238r3 G264rl 3.3 75.06 .9 10.1 90 3 44 3 0 43 
c67 c253 10.0 55.21 5.0 18.6 90 9 40 2 7 41 
B114r2 2spore 34.8 13.56 25.2 45.9 89 31 30 28 3 28 
2spore 4spore 83.5 43.61 74.0 90.6 91 76 0 34 42 15 
153 
8 APPENDIX C: 10% LINKAGE ANALYSIS 
Possible loose connections between linkage groups which 
were assigned to the same chromosomes were analyzed. Markers 
on both ends of each linkage group were compared with those 
of other linkage groups on the same chromosome. The linkages 
significant at P = 0.1 and P = 0.25 between markers on both 
ends of different linkage groups on the same chromosome are 
listed in Table 13. Since these markers were on the same 
chromosome, these significant linkages might be real and 
could be used to connect the linkage groups. 
Table 13. Significant linkages between markers on both ends 
of different linkage groups on the same 
chromosomes 
Marker 1 Marker 2 Map distance Chromosomal X2^ 
(cM) location 
B71 B4 40 5 & H4 2.23* 
B71 G237 39 5 & H4 2.45* 
B246 C207 39 9a & H3 3.61** 
B246 C226 40 9a & H3 2.79** 
rDNA G463 40 9b & H8 2.82** 
^The null hypothesis is that two markers are unlinked. 
*P = 0.1 
P = 0.25 
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9 APPENDIX D: CHROMOSOME LOCATION OF RFLP AND 
PHENOTYPIC MARKERS^ 
Chromosome location Chromosome location 
Locus Locus 
R45 Hm540 R45 Hm540 
Albl 3 HI C116* 5 H4 
Cyhl 10a Hll C121 7 H6 
GPDl* 12 H12a C155* 5 H4 
Matl* 10b H9 C173* 1 or 2 H2a or H2b 
rDNA* 9b H8 C188* 1 H2a 
Trpl* 10b H9 C192r* 4 or 6 —  —  
Toxl 4 or 6 H5 or HlOb C193* 12 H12a 
B4* 5 H4 C206 3 HI 
B6 2 H2b C207* 9a H3 
B21* 12 H12a C210 10a Hll 
B2 3* 10a Hll C226 9a H3 
B43* 4 HlOb C246 7 H6 
B71* 5 H4 C253 5 H4 
B84* 2 H2b C261 9a H3 
B88* 6 HlOb C270* 10a Hll 
B91* 3 HI G19* 12 H12a 
B107* 1 or 2 H2a or H2b G29* 9a H3 
B114rl 9b H8 G32m* 6 H5 
B114r2 13b — G38* 3 HI 
B120 3 HI G86m 13b — —  
B125 13b — G98rl* 4 or 6 — — 
B149rl* 1 H2a G98r2* 10b H9 
B149r2* — —  HlOa G127* 5 H4 
B149r3* 2 — G131m* —  —  H5 
B149r4* 4 H5 G144* 7 H6 
B154 7 H6 G172* 2 H2b 
B160* 4 HlOb G188 13b — 
B195* 7 H6 G199* 11 HlOa 
B246* 9a H3 G210-1* 13b — 
B257 13b — — G210-2* H5 
^The markers of which the chromosomal locations were 
determined by hybridizing to the electrophoretically 
separated chromosomes are indicated by a Some markers 
were present only in one parent and a "—" indicates that 
they are absent in those strains. ND indicates that the 
chromosomal location could not be determined. 
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Chromosome location Chromosome location 
Locus Locus 
R45 Hm540 R45 Hm540 
B264* 1 H2a G213* 10a Hll 
B272* 3 Hl G214* 5 H4 
B277* 3 Hl G235* 13a H12b 
B281 1 H2a G237* 5 H4 
B283* 3 Hl G238rl* 10a Hll 
B285* 10b H9 G238r2* 7 H6 
B288m 13b — G238r3* — H5 or HIO) 
B301* 7 H 6 G241 13b — 
B312-1 13b — G242* 9a H3 
B312-2 H5 G264rl* 4 or 6 — 
B329 10a Hll G264r2* 4 HlOb 
B339* 8 H7 G300* 10a Hll 
B34 6m* 6 H5 G308* 13b — 
B380* 6 H5 G309* 2 — 
B403* 8 H7 G311* 3 Hl 
B405 2 H2b G349* 6 H5 
B411 9a H3 G353ml* 4 H5 
B416* 12 H12a G353m2* —  —  HlOb 
B421rl* 3 — G353m3* 3 Hl 
B421r2* ND — G384* 3 Hl 
B421r3* — —  Hl G386 13b — 
B421r4* — ND G392-1* 13b — 
B429* 3 Hl G392-2* —  —  H 3 
03* 13a H12b G395* 4 HlOb 
C9 3 Hl G398* 11 HlOa 
C28* 2 H2b G401 6 H5 
C50* 1 H2a G419* 10b H9 
C53* 8 H7 G431-1 13b — 
C60* 6 H5 G431-2 —  —  H 5 
C64* 9a H3 G444 13a H12b 
C67 5 H4 G449m 2 H2b 
C70 3 Hl G451* 11 HlOa 
C72* 10a Hll G452m 13b — 
C74 3 Hl G463* 9b H8 
C76 11 HlOa G471* 7 H6 
C84* 8 H7 G492 13b — 
C113* 8 H7 G508* 1 or 2 H2a or H2b 

